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PRELIMINARY NOTE.—The main results of the present paper were 
obtained in 1897 and were informally presented before the Astronomical and 
Astrophysical Conference at the dedication of the Yerkes Observatory in 
October of that year.* The general investigation on the “Conditions of 
Maximum Efficiency in Astrophotographic Work,” of which these formed a 
part, ? was interrupted by my departure from Yerkes Observatory in the win- 
ter of 1897-8, and since then my attention has been so continuously devoted 
to technical and engineering work that until very recently I have had no 
opportunity to put any of the results obtained at that time in form for publi- 
cation. This will explain, I trust, the delay in the resumption and continua- 
tion of work begun more than five years ago. 


In the use of any optical instrument there are three quanti- 
ties which are more or less closely related and which together 
determine what is ordinarily termed “ optical definition.” These 

* Yerkes Observatory Bulletin No. 2; ASTROPHYSICAL JOURNAL, 6, 150, 1897. 
See also papers “General Theory of Telescopic Images,” zézd., pp. 123, 127; and 
“Effect of Atmospheric Aberration on the Intensity of Telescopic Images,” 7did., 
70. 

?See Note on the Result Concerning Diffraction Phenomena, J. W., 58, 287 (4). 
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quantities are “resolution,” “accuracy,” and ‘“contrast,’’ and 
the corresponding characteristics of the instrument with refer- 
ence to them have been termed ‘resolving power,” ‘ metro- 
logical power,” and ‘discerning or delineating power.” They 
all depend directly on the form and distribution of intensity in 
the physical image of the object under examination as formed at 
the focal plane of the instrument, and differ from each other 
only in the way in which this form and distribution affect the 
particular use to which the instrument is to be applied. Thus 
in the discovery of double stars and general spectrum analysis, 
resolution is of most importance; in meridian circle and helio- 
metric work and in determinations of absolute and relative wave- 
lengths, accuracy is the first consideration; while in the study of 
planetary detail and what may be termed pictorial and chart 
photography, contrast is the quality to be chiefly considered. 

The question of the resolving power of instruments has been 
considered for a number of general and special cases' by differ- 
ent writers. The theory of metrological power and contrast? 
has received much less attention, In the present paper it is 
proposed to investigate more fully the general conditions of 
metrological power and accuracy in the optical measurement of 
the relative or absolute position of points or lines. 

* RAYLEIGH, “ Wave Theory,” Zc. Brit., 24, §§ 11, 12, 13, and 14. “ Investiga- 
tions in optics with reference to the spectroscope,” PAil. Mag., 8, 9, 1879-80; with 
reference to the microscope, 7d7d., 42, 167, 1896; MICHELSON, PA7/. Mag., 31, 388, 
1391; 34, 280, 1892; ASTROPHYSICAL JOURNAL, 1, I, 1895; WADSWORTH, 7d7d., 52, 


1895; 3, 176 and 321; 4, 54, 1896; 6, 27, 1897; Mem. Spet. /tal., 26, 2, 1897; Phil. 
Mag., 43, 317, 1897; ASTROPHYSICAL JOURNAL, 16, I, 1902. 


2 The investigation of the general subject of delineating power and contrast has 
been begun (ASTROPHYSICAL JOURNAL, 6, I19, 1897; 7, 70 and 77, 1898) and the 
results applied in detail to some special cases. (‘“* Astronomical Photography,” 4. W., 
144, 97; “Photography of Planetary Surfaces,” Observatory, 20, 333, 365, 404; 
* Visibility of Linear Markings on Planets,” 4. /., 18, 41.) The concluding part of 
the general paper (ASTROPHYSICAL JOURNAL, 7, 70) and some other papers on addi- 
tional special cases were in course of preparation when the work was interrupted as 
explained in the preliminary note. They will be taken up again as soon as possible. 


3The case of the measurement of position of sources of considerable angular 
magnitude, such as the Sun, Moon, and major planets, involve different conditions of 
measurement, and will for that reason be considered separately. [See M/. W., 58, 


288 (h).] 
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Let us denote the resolution of an optical instrument by X 
and its accuracy of measurement by A. These quantities are 
the reciprocals respectively of a, the limiting resolving power, 
?. é., the angular distance between two points or lines that can 
just be resolved; and of e¢, the limiting metrological power, or 
the smallest angular distance that can be measured with cer- 
tainty. These four quantities are connected by the general 
relations’ 


A=ak, 
(1) 
( 


where a is a factor whose value is not constant but varies 
with the conditions of measure- 


ment. As has already been 
pointed out, a fundamental con- 
dition for attaining a maximum 
value of a is that the scale of 
the diffraction image of the 
source whose position is to be 


Y 


tty GOES 


measured shall be /arge com- 
pared with the width of the 
reference cross-wires or points 


to which its position is referred.? 

When the diffraction image is sufficiently broad with reference 
to the wire, x, as in Fig. I, it is possible to locate the position 
of the former with reference to the latter with an error not 
exceeding one hundredth of the total width mm=w of the 
diffraction image. Since the resolving power a for fine lines 
and points is (for rectangular aperture) equal to 4%w, it would 
follow that the maximum value of a might be as large as 50. 
Usually this degree of magnification of the image is not attain- 
able, and the corresponding value of @ is reduced. Experi- 
ence, however, shows that under best conditions a value of 
from 10 to 1§ can be attained. Thus, with a telescope having 
an aperture of 4 cm, the limiting resolving power of which is 

* MICHELSON, “* Measurement by Light Waves,” Am. Jour., 39, 115. 


* Phil. Mag., 44, 83; Phys. Rev., 4, 90. 
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about 3”, it is possible under favorable conditions to measure 
angular differences of position as small as 0/20 either micromet- 
rically or heliometrically.* | About the same order of accuracy 
is attained in setting on the images of spectral lines. Thus 
Jewell finds that his probable error of a single setting on a line 
in the solar spectrum obtained with Rowland’s concave gratings 
is about 0.001 tenth-meter.* The limit of resolving power of 
the gratings is about 0.015 tenth-meters.3 Similarly both Camp- 
bell and Frost find that their average errors of setting on the 
image of a line in the star spectra obtained with the Mills 
and Bruce spectrographs is about 0.0004mm and 0.0003 mm 
respectively. With the cameras of 406 and 449 mm focal length 
these linear errors correspond to an accuracy in angular measure- 
ment of about 0’I9g and 0/14. The angular resolving power of 
the two camera objectives (apertures 37.4mm and 51 mm) are 
only 2°5 and 1°78 respectively for the photographic region of 
the spectrum, A= 4500. 

In each of the above cases the accuracy of setting (on the 
image of the point or line) is about fifteen times the resolution 
obtainable with the instrument. For this class of measurements 
(z. e., telescopic) we may therefore assume 


= 15 
€ ~o0.07@ . (2) 

In order that these values of a and € may represent a real 
and corresponding degree of accuracy in the determination of 
the position of the source itself (as distinguished from the posi- 
tion of the image) another very important condition is neces- 
sary. This is that the distribution in intensity in the diffraction 
pattern shall be symmetrical about the position of the geometricat 
image of the source. For if the distribution is unsymmetrical, as 
in Fig. 2, the tendency will be to place the measuring wires to 


* Jour. Frankiin Inst., 138, 1; July 1894. 

ROWLAND, A. and A., 12, 321, 1893. 3 Phil. Mag., 435 320. 

3From unpublished observations communicated by these observers. In each case 
the average error is that of the mean of four settings only. On the best solar plates 


Campbell states that his average error of setting is less than one-third of this, ae 
only about 0.00012 mm. 
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one side of the position of the geometrical image, which is at 
ao, by an amount v0’, depending on the excess of illumination 
amm' on that side. The error thus introduced will correspond- 
ingly reduce the accuracy of set- 
ting, so that in general we shall 
have to write 
where & is less than unity by an 
amount depending on the asymme- 
try in the image. It becomes neces- 
sary, therefore, to investigate the 
various causes of such asymmetry 


max. 


and the effect produced by each. 
The general expression for the 
intensity, 7*, at any point, f, in the focal plane image is of the 


form'® 
=[J S550 idea], 


where p is the distance of the point f from the element of the 
wave-front, dx dy, whose amplitude of vibration isz. The inte- 
gration is extended over the whole of the aperture through 
which the wave-front passes. 

The expressions for the distribution in intensity in the image 
of a fine point which have been usually employed in discussing 


questions of resolving power are 


V R—x # x dx |= (4) 


for a telescope with a circular aperture of radius R, and 


sin? sin? 

‘ey 

for a telescope of rectangular aperture of width @ and length 4. 

These expressions represent respectively the distribution in 


* RAYLEIGH, “Wave Theory,” Znc. Brit., 24, § 11; Pop. Ast., 5. 534- 
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é 
intensity at any distance a= from the center of the image 


f 


along a line parallel to the length 4 of the diffracting aperture. 

In deriving the expressions (4) and (5) from (3) the following 
assumptions are made: 

1. That the amplitude of vibration z is uniform and constant 
over the entire wave-front within the diffracting aperture, and 
that the latter is symmetrical with respect to the line joining the 
geometrical centers of the source and the image, 7. ¢., with the 
line of collimation of the telescope. 

2. That the wave-front passing the diffracting aperture is 
truly spherical and has its center at the center of the geometrical 
image. This amounts to the condition that there is no aber- 
ration. 

3. That the wave-length A is constant within the limits of 
integration, 7. é., either the light is strictly monochromatic or 
the telescope is strictly achromatic. 

In practice not one of these assumptions is strictly correct 
and the expressions (4) and (5) are not therefore strictly accu- 
rate. In dealing with questions of resolving power the effect of 
variations from these theoretical conditions has been investi- 
gated in a number of cases and has generally been found to be 
small.t We cannot, however, assume that the same conclusion 
holds when we come to deal with questions involving the met- 
rological power and accuracy, for we then have to consider 
quantities of a much smaller order of magnitude, and an amount 
of disturbance or imperfection, particularly asymmetry, in the 
image which is negligible in questions involving resolving power 
(or in many cases of contrast) will introduce an error of meas- 
urement considerably larger than the limit of accuracy € attain- 
able under the best conditions. 

The various causes which produce distortion and asymmetry 
in the diffraction image may be divided into two general 
classes: 


‘For special cases in which the effect is of considerable importance see “‘ Theory 
of the Objective Spectroscope,” ASTROPHYSICAL JOURNAL, 4, 54; “Resolving 
Power of Telescopes and Spectroscopes for Lines of Finite Width,” PA7/. Mag., 
43, 317; also paper, “The Effect of Absorption on the Resolving Power of Prism 
Trains,” to be published in the February number of the PAz/. Mag. 
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(A) Those of a physical nature of a character already indi- 
cated (1), (2), and (3) (p. 272). 

(B) Those of a more purely instrumental nature depending 
on peculiarities of form or size or operation of the instrument 
itself. 

In considering both of these classes we shall in this general 
paper assume the following conditions, which may nearly always 
be fulfilled or at least closely approximated: 

(a) That the aperture of the instrument is always rectangu- 
lar and that one of the sides is parallel to the axis or line of 
measurement, this axis being likewise the line along which the 
distribution in intensity in the image has to be considered. The 
assumption of rectangular aperture gives in general simpler ana- 
lytical expressions, and the results obtained, in most cases, lead 
to the same conclusions as would be reached if circular apertures 
were assumed.’ 

(6) That in addition to being parallel to one side of the 
rectangular aperture the axis of measurement is so chosen that 
the disturbing cause is symmetrical in respect to this axis. Spe- 
cific cases in which this condition cannot be fulfilled will be 
treated separately. 

Case A (1)—lIllumination over the incident wave-front 
unsymmetrical. 

The general expression (3) may be reduced to the form 


+ [ frsin (Ex + my) (6) 


Under the conditions (2) and (6) assumed above we obtain 
in this case for the intensity of the diffraction pattern at any 
point on the axis &,(y=0), the expressions 


dx | + [ fre | (7) 


where f(2) =7 represents the amplitude of vibration at different 
portions of the wave-front. 


* The case of circular apertures is taken up in detail in some special cases where 
the results differ appreciably from those obtained with rectangular apertures. 
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The only case of importance of this kind is that in which the 
wave-front, before reaching the diffracting aperture, has traversed 
an absorbing medium of varying density or varying thickness as 
in the case of the prism spectroscope. This latter case has been 
recently examined in connection with the question of resolving 


power of prism trains composed of very large or very dense 


prisms." 
The expression for / which was found was 
a? Vi 
r=— (8) 


where B is a constant depending on the coefficient of absorption 
of the glass composing the prism train, and is determined from 
the relation 
, (9) 
i, being the intensity of light transmitted through the axis of the 
prism system. 
The distribution in intensity represented by (8) is shown in 


1.386 2.197 
B= ‘ 
and For 
these values of B the intensity of the transmitted beam falls off 
75 per cent. and 8g per cent., respectively, from one edge of the 


aperture to the other. 


Fig. 3 for the particular values of B= 


™ On the Effect of Absorption on the Resolving Power of Prism Trains,” see 
footnote above. 
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The curve of intensities is symmetrical with respect to S=0, 
the position of the geometrical image. The unsymmetrical 
absorption therefore does not introduce any direct error of 
measurement at the focal plane.t. In fact since the effect is in 
general to increase the apparent width w of the line, the accu- 
racy of setting will, if anything, be slightly increased. 

It may be similarly proved that an asymmetry in the form 
of the aperture itself will not affect the symmetry of the image 
about the geometrical center. Indeed, we may choose particular 
forms of aperture (other than rectangular) which will some- 
what increase the resolving power and the accuracy of the 
measurement.’ 

CASE A (2). 

Effect of asymmetry in the wave-front (aberration).— When the 
wave-front which forms the image is truly spherical its equa- 
tion is 

e+ (10) 
and the distance p from any point zy in this front from a point 
&n in the focal plane is 


If the wave-front is not spherical we may express the codrdi- 
nates of the new surface with respect to the old as follows 


x’ =x + Bx + + 8x4 +... 
y’ — + By’ + + f (12) 


Zz. 


The expression for the intensity 7,2 at any point &, », in the 
focal image will be found by substituting these new values for 
x’, y’, 2’, in (11) and (6), and performing the indicated integra- 
tions. But as before we considerably simplify the integrals with 

: * The effect of asymmetrical illumination on the displacement of an image out of 
the focal plane is considered under &. 


? Discussion of this question will be taken up in a paper “On the Form of Tele- 
scope Aperture Best Adapted to the Resolution and Measurement of Close Double 
Stars,” which is now in course of preparation. 
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which we have to deal by the assumption of conditions (a) 
and (4), p. 273. Then all terms in odd powers of y higher 
than the first disappear. Next, by changing f, equation (11), 
to a new value /* (7. ¢., by readjusting the focus) we may 
cause the terms in 2* and y? to disappear. Finally, since any 
disturbance which we need to consider is exceedingly small (as 
will appear later), terms in #3 are relatively of much more impor- 
tance than terms in ++, y*, or any higher powers, and all of the 
latter may therefore be neglected. Besides this any aberra- 
tional effect due to terms in 2+ will be symmetrical in its nature 
and will not therefore affect the position of the center of area of the 
diffraction image. The same would also be true of terms in 2? 
and y? whose effect, however, can, as already seen, be rendered 
negligible by refocusing. 

When we consider only terms in #3 the expression for / (6) 
(since sin #3 like sin x is an uneven function), becomes for rec- 


tangular aperture 
R=: A* cos [x+y] dx . (13) 


This integral was first investigated by Airy’ and subsequently 
more completely by Lord Rayleigh.?, The latter has adapted 
Airy’s results to the consideration of special cases for which the 
distortion of the wave-surface amounts to 4%, %, and % of a 
wave-length. 

The values of /,? for the value of ya3 such that the extreme 
displacement of the wave-surface at the edge of the aperture is 
Y otf a wave-length from the true spherical surface has been 
calculated from Airy’s and Rayleigh’s results and is given in 
column 2, Table I. The values of /? (from 5) are given in 
celumn 3, for comparison. The abscisse are expressed in 
terms of a,, the resolving power of the telescope of aperture 6. 

The form and relative position of the two curves / and /,’ 
are shown in Fig. 4. The dotted curve represents the distribu- 
tion in intensity in the focal plane image when there is no aber- 


*Camb. Phil. Trans. 6, 402, 1838. 2 Phil. Mag. (5), 8, 404, 1879. 
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TABLE I, 
a, | | a, | 
= } 
—2.0 0.0086 0.0000 0.0 | 0.7093 1.0000 
—1.8 .0061 .0108 | .9158 .8751 
—1.6 .0358 -+0.4 | .9137 -5754 
—1.4 .0004 .0468 |} -+0.6 | .6901 .2545 
—1.2 .0031 .0243 ||} -+o.8 | . 3629 -0547 
—1.0 .0018 .0000 || | .0999 .0000 
—o.8 .0017 .0547 .0009 | .0243 
—0.6 .0399 -2545 +1.4 -0395 .0468 
—0.4 -1714 -5754 | 1095 .0358 
—0.2 .4159 | .8751 +1.8 .1240 |  .0108 
+0.0 .7092 | 1.0000 | 2.0 | .0762 .0000 


ration (equation 5); the full curve, that when the aberration 
amounts to 4% wave-length as assumed above. The effect of 


fold: (1) it dimin- 
ishes the intensity at / 


the aberration is three- a 
' 


the center of the im- H 

age; (2) it renders the / Y; Ye 

image asymmetrical 

with respect to its cen- i Zp 5; 

ter of area; and (3) it Yy Yj 

displaces very sen- W/Z 


of maximum bright- 
ness and of the center 
of area. The effect of (1) is not serious, but the effect of (2) 
and more particularly (3) on the accuracy of measurement is 
most important. The displacement of the point o’ (Fig. 4) 
from the geometrical center 0 of the undistorted image is about 
0.34, while the limiting accuracy of measurement, as we have 
already seen, is about 0.07a. The displacement 0-0’ caused 
by an aberration amounting to only 4 wave-length is there- : ie 
fore about four times the limit of accuracy ¢€ attainable under best = 


conditions, 

An examination of the curve representing a double source, 
Fig. 5, as viewed under the conditions assumed in Fig. 4, shows 
that neither the resolving power, which depends primarily on 
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the form and “ width” mm of the images of each component, 
nor the contrasting power, which depends on the width mm and 
the value o’a’ of the maximum ordinate, are either of them 
affected greatly by an aberration of the amount (4% wave-length) 
shown. Hence, it is generally assumed that the optical ‘ defini- 
tion” of an instru- 
ment (which, as usu- 
ally defined, depends 
principally on resolu- 
tion and contrast) is 
not injuriously affec- 
ted by aberrations 
STD» which introduce 


"Mp differences of phase 


in the wave-front of 
not more than 4% 
period, and that therefore optical surfaces which reflect or 
transmit wave-fronts at nearly perpendicular incidence need to 
be accurate to % and ¥% wave-lengths only. But as indicated 
above, this degree of perfection is not sufficient in instruments 
designed for accurate measurements. 

The conditions of optical measurement of position are such 
that we are concerned not so much with the absolute amount of 
aberration as with the constancy of its effect. For in the great 
majority of cases we are concerned with the simultaneous or 
successive determination of the separation or relative position 
of two images in the same focal field. Under such conditions, 
if the amount of aberration remained exactly the same for both 
images, the distortion and displacement of both would also be 
the same in amount, and in direction, andthe measured distance 
between their centers would be practically unaltered. To avoid 
errors of measurement, therefore, we need only be certain that 
the differential effect of the wave disturbance on the two images 
is less in amount than the limit of accuracy e already estab- 
lished. The degree of constancy required is readily determined 
from the results of the preceding investigation. The displace- 
ment of the center of the image in Fig. 4 is, as already stated, 
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about 0.3a@ for a phase difference of 4% wave-length. This dis- 
placement is very nearly proportional to the tilting of the actual 
wave-front with reference to the true spherical wave-front, and 
this tilting in turn is very nearly proportional to the phase 
differences between center and edge. Hence, if the differential 
displacement of the two images is not to exeed the limiting 
value of € (0.07a), the aberration must not vary by more than 


(14) 


4 0.30 

The amount of aberration (7. ¢., the distortion of the wave- 
front forming the image) will vary at any instant of time: 
I, by reason of changes in position of an image in the focal field, 
involving a change in the inclination of the axis of the wave- 
front to the various optical surfaces and possibly a shift of the 
wave-front as a whole with reference to those surfaces; 
II, because of changes in the optical constants of the media trav- 
ersed by the wave before reaching the focal plane. We will 
now examine the instrumental and operative conditions neces- 
sary to keep the variations due to either cause within the limits 
given. 

I. (1) If the two images are separated by a considerable 
angular interval in the field of the observing telescope, the two 
wave-fronts by which they are formed will meet the optical sur- 
faces of the objective at different angles, and the resultant 
distortion or curvature in each will vary by reason of this fact, 
even though they were precisely similar before incidence. The 
amount of aberration introduced in any given case is determined 
by calculation of the relative retardations of the extreme, with 
reference to the central rays, which meet at the focal plane. 

Thus in Fig. 6 let 266’ be the points at which the center and 
extreme edges of the given wave-front 2,7, meet the front sur- 
face of the optical system, and 0’, the best-defined center of 
curvature of the wave-front +,7,, after its passage through the 
optical system. Let 44 be the distance from the point 4 to the 
instantaneous wave-front incident at a, and ah the distance from 
the instantaneous wave-front incident at 6’. Then for the pri- 
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mary plane‘ the retardation of the extreme with reference to the 
central rays, z. ¢., the amount of aberration for the two halves 
of the wave-front, will be represented by 
ao'—(hb + | 
ao’ — (b'0'—h'a) (15) 
The determination of the value of these quantities in any 

_ given case demands 


and 


= at a knowledge of the 
indices of refraction, 
, radii of curvature, 
a and thickness of the 


' 


lenses forming the 


optical system, and 
Fic. 6. is usually quite com- 
plicated. We can, however, draw certain conclusions from the 
conditions of the problem which are of more general interest 
than the detailed consideration of many individual cases. 

The displacement of the centers of two images 0’ o’’ will be 
in opposite directions if they are on opposite sides of the prin- 
cipal optical axis ao, and will be equal in amount if they are at 
equal distances from this axis, and both the optical system and 
the incident wave-fronts, 7, are symmetrical about their 
respective axes. Under such conditions of symmetry the dis- 
tortion of the field itself is symmetrical with respect to its center 
o, and if these conditions could always be maintained, the proper 
corrections could be determined once for all and then always 
applied to the measurements. But the form of the incident wave- 
fronts is different at different times, as shown at 2’’2''', 2” x”. 
These changes may be due to influences which are outside of and 
independent of the instrument itself; and the displacements 
and the required corrections will therefore vary by an amount 
which is indeterminate. Our only complete safeguard against 
errors of this kind is to confine our measurements to a field 
within which the aberrational distortion and displacement of the 
lens system itself is negligible. We can form a general idea of 


* We confine our attention to the aberration at the primary focus because in the 
case of lines perpendicular to the xy plane the best-defined image is formed at that 


point. 
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what this field is in different cases without investigating each 
one in detail by the following considerations. 

The requirements for obtaining the maximum practicable 
accuracy demand, as has been shown above, that the effect of 
aberration on the image shall not be more than one-fourth as 
great as that which would begin to sensibly affect good “ optical 
definition”. If we assume that the aberration due to a good 
lens system varies as the square of the distance from the center, 
and if we call @ the “field of good definition” (visual or pho- 
tographic ) of the given lens, then the “ field of measurement,” 
on the above assumptions, should not exceed ¥% @. 

The value of @ depends on the linear size of the objective, 


b 
6, on its semi-angular aperture, 8B = of’ and on the type of optical 
construction. In general we may say that @ varies approxi- 
I I 
mately as a and as B for a given type of instrument. The 


maximum values of @ that have been so far attained with several 
types of lenses of different apertures are given in Table II. 


TABLE II. 


SIZE oF ANGULAR 
Tyee oF INSTRUMENT OBJECTIVE APERTURE 
Visual | Photographic 
} | 
1. Photographic d 4in. = 0.20 | about 15° 
2. Photographic doublet) 4 1:5 +=0.20 about 8°5 
(symmetrical construction)?| 
3. Photographic triplet(sym | 2 1:8 =0.12+) about 2°5 about 3° 
metrical construction)... ..| 
4. Ordinary ach romatic| 3 1:12 =0.083 | about 2°o 
5. Ordinary achromatic 6 1:18 =0.055 | about 2°0 
6. Ordinary achromatic] I5§ 0.067 about 1°5 
(photographic) .......... 
7. Ordinary achromatic! 40 1:18.5=0.054 | about 0°7 


* The available good field of an objective is always slightly larger photographi- 
cally than visually on account of the somewhat less rigorous standard of test that can 
be applied. 


?See Annual Reports of the Allegheny Observatory, 1899, p. 7; 1900, p. 19. 
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These values of 8 are based on experiments and tests made 
by the writer and others on a large number of objectives of dif- 
ferent sizes and types of the best modern construction. They 
are considerably smaller in some cases than those claimed by the 
makers of astronomical and photographic objectives, probably 
because the standard of “good definition” is higher. Many 
commercial photographic lenses, for example, “ cover” fields of 
40° or 50° with satisfactory results on an ordinary photo- 
graphic standard. But 
when the rigorous tests of 
stellar photography are 
applied, the definition of 
these lenses breaks down 

-- only a few degrees from 
’ = the axis; in fact, I have 
never found any of them 
which give results at all 

; Fic. 7. comparable with those de- 


signed by Hastings, for 
example, especially for astrophotographic work. A _ similar 
statement applies to the longer focus type of objectives (4) and 
(5). With a low-power eyepiece the visual definition is appa- 
rently quite good over fields considerably larger than those 
given, but with high powers and more careful tests the fields 
are more restricted.* 

The available fields of measurement under the above stand- 
ards vary therefore from a maximum of about 7° for (1) to 
about %° for (7). 

There is one special case which has recently been examined? 

* The fields given above are those obtainable in photographic use on flat-plates 
or in visual use without refocusing. These are the conditions that are generally 
imposed in metrological work. If we use curved plates (or in visual work curved 
micrometer slides) the field of good definition can be very greatly extended. Thus 
with a symmetrical doublet of 4% in. aperture and 20 in. focal length (8 = 4.4) it is 
possible by the use of a curved plate to cover sharply a field of about 33° diameter, or 
with a somewhat smaller angular aperture and a special construction of objective, a 
field of over 40° diameter. See Annual Reports, Allegheny Observatory; also “ Eff- 
ciency of the Curved Plate for Charting Purposes,”’ Odservatory, 24, 274 and 419, 
1901. 

2“* Aberration of Mirrors and Concave Gratinys at the Principal Focus,” to be soon 
published in Phil. Mag. 


: 
| 
Fe 
| 
ae 
| 
| 
| 
| 
| 
| 
aye 


OPTICAL CONDITIONS OF ACCURACY 283 


the results of which are of particular interest. This is the case 
of the reflecting telescope and its associated spectroscopic 
instrument, the concave grating. The character and amount of 
aberration here depend on the form of the wave-front. We will 
consider first the case in which this is spherical as in the ordi- 
nary use of the concave grating. The general optical conditions 
involved in this problem are shown in Fig. 7. 

Let f be the position of the radiant point, 0’, that of its 
image (either specular or spectral) ; and c, the center of curva- 
ture of the spherical surface* dab’. Put pa=v;0'a=u;ac=p; 
pac =1,; and cao'= 80. 

Then from the general theory of optics we have always the 
relation 


With Rowland’s mounting this relation is satisfied by making 
u=pcos@ and v=—pcos/, 
and o’, ¢c, f, all lie on the circumference of a circle whose diam- 
eter is equal top. The aberration at o’ for this case has been 
calculated by Rowland? and Glazebrook. The latter finds for 
the relative retardation for the central ray (w+ v) relatively to 
the edge ray pb + bo’, 
E, = pb + bo’ — (u+v) =p sin B (sin — sin 6) 


sin‘ B (sin @ tan@+sin/tanZ) , (17) 


where 8 is the semi-angular aperture of the surface dab’ meas- 
ured at the center of curvature C,; therefore the angle dca. The 
first term of this expression is that defining the relation between 
the order of the spectrum m, the wave-length of the spectral 
line A, and the number of lines on the grating surface W, 7. ¢., 


p sin B(sin — sin 6) =< (18) 


The second term is the aberration of the upper half of the 


* The case of spherical surfaces only is considered here, because that is the form 
of surface generally used for concave gratings. The case of parabolic and other 
forms of surfaces is, however, considered at Jength elsewhere. See paper above 
referred to. 


* Phil. Mag. (5), 16, 210. 3 [bid., 377. 
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spherical surface ad. For the lower half of this surface ab’ we 
find similarly 
E, = (pb'+ b'0) —(u +2) =p sin B (sin ¢ — sin 6) 
sin‘ B (sin tan . (19) 


The aberration is therefore symmetrical, and its effect on the 
image is simply to broaden it symmetrically without displacing 
its center. 

If the reflection is specular, 86=1. Hence, if we make «=v 


we always have 


The first term of (17) and (19) disappears, and the aberra- 
tion (which is expressed by the second term) becomes 


sin‘ 8 sin tan 6 , (20) 
which is likewise always symmetrical. 

In case the images, either spectral or specular, are formed on 
the circle passing through the center of curvature of the mirror 
as above assumed, we can therefore use any extent of field 
desired without introducing any error of measurement due to 
the aberration of the spherical surface itself. The only limit to 
the available field is that imposed by condition of good defini- 
tion, z.¢., that the aberration shall not exceed a quarter wave- 
length. This condition applied to (17), (19), and (20) gives 

sin?@  sin?? 2A 


= . (21) 


cos@ ~ psin*B 


In the case of Rowland’s large gratings p= 650cm and 
2 
= For the maximum value of we have 


therefore 
sin? 


~ 9. O= 8," 85’. 
cos6 


For gratings and mirrors of large angular aperture, such as 
are sometimes used in stellar spectroscopic work, the maximum 
value of both @ and 7 are considerably reduced. Thus for a 
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grating of 150 cm radius, of curvature and linear aperture the 
same as before, 8=0.050. We have then 


sin? sin?2 
==.0.106 


cos 6 

which shows at once that neither @ nor 7 can in this case exceed 
18°20’. If we use the Rowland mounting for which @=o for 
the center of the field 
and make we 
have in the above case 

a as” 

For the concave 
grating the maximum 
field is of course 


obtained by making 
0, and placing the Fie. 

photographic plate or eyepiece directly above the slit. Under 
such circumstances we can obtain good definition over a field 
36° long (18° on each side of the center). 

In the case of the reflecting mirror the maximum field is 
determined by making @=7 in (21). For a mirror of the dimen- 
sions last considered we have therefore 

12° 30’ , 
or about % as large as obtainable with the concave grating. 

Second case—incident wave-front plane. This case corre- 
sponds to the ordinary use of the reflecting telescope, and to the 
use of the grating as suggested by the writer in 1896." 

The optical conditions of this problem are shown in Fig. 8, 


the notation being the same as before. 
The relative retardation of the central with reference to the 
extreme rays is in this case 


E, = u —(bo' + bh) for the upper nalf of the surface, 
£, = u —(bo' — ah’) for the lower half of the surface. 


(22) 


* ASTROPHYSICAL JUURNAL, 3, 55-60. Since this article was written the concave 
grating has been used in the manner suggested, by Poor and Mitchell (¢¢d., 7,157; 
10, 29), in stellar spectroscopic work, and by Jewell; Mohler & Daniel, (zid., 12, 
361); Frost (zd¢d., 12, 311), and by the writer (Report Allegheny Observatory, 1900, 
p- 23), in solar-eclipse work. 
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The general expressions for £,, £, can be derived from the 
geometry of the triangles dao’, ab'o', bah, and a'b'h'. Using 
the same notation as before we find as general expressions for 
and £, 

E, = psin B (sin @ — sin 7) 


sin? B cos 6 + cos 7 — P cos? 6) ( =F 
2 \ 
sin’ B sin cos (u — pcos @) ( = 
2 u? 
| sin? 4 cos?@ — | (23) 
| ucos?6+~? — ~pcos 6 | 
4 u 2 
sin* B (cos + cos7) 
and 
£,=psin B(sing—sin@)+ B—C+D+F. (24) 


In this case the aberration is unsymmetrical, the amount of 
asymmetry being expressed by the term in sin}8(C). The value 
of this term depends on the manner in which the grating is used. 
Three cases may be distinguished, as has been already indicated: 

(2) When the direction of reflection is parallel to the line 
of incidence pa... Then @=—2i, and from (16) we find for x, 
(v=), 


u,—= "cos 6 (25) 


In this case we have for the term C 
psin?’Bsiné . (26) 
(6) When we examine the spectra in the neighborhood of the 
center of curvature. @ =o for the center of the field, and we 
have for 
Pp 
%, = (27) 
Then for (C) we find for small values of @ 
p sin’ B sin cos cos?). (28) 


* ASTROPHYSICAL JOURNAL, 3, 58, 59. ? Jbid., pp. 54-57: 
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(c) When we make the incidence on the grating normal. 
Then z=0 and 


= cos 0 (29) 
and for (C) 
in? B si 6! 1+ cos 6 (30) 
p sin’ B sin *) 3 
(d) Finally for regular specular reflection 6 =7, and 
u =F cos6 (30) 


just as in case (a). 

As the aberration is in all these cases unsymmetrical, the 
available measurable field is found by equating (14) with (26), 
(28), and (30) (neglecting terms in sin‘ 8). 

This gives us for cases (a), (6), and (@) 

tat, (31) 

In the case of Rowland’s gratings, already discussed, for 

which p= 650 cm. and 8 = 0.011, the value of @ given by (31) is 
2°20’ , 

when the grating is used as in (@). When it is used as in (6), 

and we make the maximum angle of incidence z = 60°, we have 


for @. 
Bux = 8 ~ 6 


cos (1 + cos 


° 


Finally, if we use the same grating as in (c), we find for 0 
2 cos’ 6, 
* 6, 
Another case of great importance and interest is the use of 
mirrors as collimators or telescopes of spectroscopes. If the 


— 


~ 2°20’ as before . 


mirrors are of long focus, very satisfactory results are attained 
by their use. Thus in one of the instruments used by the writer 
the spherical mirror had an aperture of 6 cm, and a focal length 


I 
of about 175 cm. For such a mirror we have p= 350, B 


With these values we get from (26) 


sing=0.016 or #=55’ 
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The diameter of undistorted field is therefore about 1°8. 
The diameter of the field of good definition (for qualitative 
work only) is of course about four times this, or about 7°5. 
These results agree well with those actually found in practice,’ 

For large angular apertures the results are much less satis- 
factory. Thus for a surface such as was considered before for 
which p=150cm and 8=0.05 we have 

6 
By mounting the grating as in (4) and using a very large value 
of ¢ (¢=75°) we may increase this field about six times, 7. ¢., 


= 6, 6. & 40’ 


a 


0, = 2’ 


We may likewise increase the field by diminishing the focal 
length (keeping 8 the same) in the proportion -. For a grat- 
p 


ing of only I inch aperture and 5 inches focal length 8=0.05 as 
before and p=12.5cm. The value of @, for this case is 
25’ 

The field of good definition in all the above cases is of course 
about four times as large as the field of negligible measurable 
distortions. 

The above results show clearly that the use of spherical grat- 
ings or mirrors of very large angular aperture with parallel inci- 
dent light is impracticable for either quantitative or qualitative 
work, except in the case of very small gratings used as in (6). 
If such mirrors or gratings are to be used of large size, it is abso- 
lutely necessary that their surfaces be specially figured for the 
particular use desired. This question is considered at greater 
length elsewhere. 

I. (2) If the wave-fronts which form the two images are 
appreciably shifted in lateral position so as to fall upon different 
portions of the optical train, it is at once evident from (14) that 
the mechanical errors in the different surfaces involved must not 
exceed the amount that would introduce a difference of phase 
of 0.06. If ¢be the permissible mechanical error and @¢ the 
angle of incidence of the wave-front, we have at once 


An Improved Form of Littrow Spectroscope,” Mag. (5), 38, 137-142, 
1894. 
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0.06A 
‘= ——_ for reflecting surfaces | 


(32) 
= ~ . for refracting surfaces 

m cost — COS? 

Two cases of importance that need to be considered in this 
connection are those of the heliometer and the spectrograph. 
In the first instrument the two images which are brought to 
coincidence are formed by entirely different portions of the objec- 
tive, and the optical surfaces of each portion must therefore be 
correct to the limit indicated in (32). Since zand 2’ are both 
nearly gO”, the two surfaces of the flint lens must each be opti- 
cally right to within about A and the two surfaces of the 
crown to within about %Aeach. The standard of workmanship 
required in a heliometer objective is therefore very high, and 
the difficulty of attaining the necessary degree of perfection is 
rendered vastly more difficult by the division of the finished 
object-glass into two parts. If there is the slightest strain or 
difference in density in the material, the glass is likely to spring 
slightly along the line of cutting, and this line is unfortunately 
parallel to the axis of measurement.” 

In the case of the prism spectroscope and spectrograph the 
wave-fronts which form the images of different spectral lines are 
shifted laterally with reference to each other in passing through 


L a0 
(33) 


where 7 is the length of path traversed by the wave-front 
between each successive refraction, beginning with the incident 
side of the first prism and ending with the camera or view tele- 
scope objective. For a prism train consisting of NV similar 


the train by the amount 


* RAYLEIGH, “On the Accuracy Required in Optical Surfaces,” PAz/. Mag. (5), 8, 
477- 

? The form of prism heliometer which has recently been devised and constructed 
by the writer avoids this difficulty by rendering the division of the object-glass unnec- 
essary. It can therefore be constructed of much larger size than has been possible 
with the older form. See Allegheny Observatory Report for 1900, p. 23; also U.S. 
Patents, Nos. 536493, 536494, 536555. 
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prisms with their corners in contact, we have for the shift from 
the central ray which passes at minimum deviation 

2dr 


) 


| 
| 
(34) 


+ + 4nB,+ = 
) 


where B,B,, etc., are the lengths of the bases of the prisms. 
For some of the larger instruments recently constructed the 
value of Sis quite large. For the Bruce spectrograph of the 
Yerkes Observatory, for example, 


N=3;2= 1.67; =12cm; 2, =13cm; . 
The angular separation of the extreme images measured on the 


plate is about 4°; therefore Dr (one refraction) > %° 0.012. 


We obtain therefore for S 
Suez 20M. 


The refracting angles of the prisms of this train are about 
63° 30’, and mw for the central ray is about 1.673. Hencez and 
zt’ are about 61° 45’ and 31° 45’ respectively. For these values 
we have for ¢, from (32) 

0.94 
or the prism surfaces must be correct to within about 
wave over all those portions not common to the two beams, 7. ¢., 


~o0.07A , 


, ofa 


2cm -+ cos 61° 45’ 4cm , 
at each end of the prism faces. This would mean that the prism 
faces should not depart from a perfect plane by more than 
0.000003 cm ina length of 6.5cm, or that the radius of curvature | 
of the faces should be at least 7,000,000cm. Such a degree of 
accuracy is very difficult to attain in surfaces whose length 
(13cm) is so much in excess of their width (5.1cm) as in this 
case, but it is even more difficult to maintain when once 
secured, if temperature conditions vary rapidly. 
In case of the plane grating spectroscope the same portion of 
the grating surface may always be used, but the angle of inci- 


dence and reflection varies with the wave-length. As ordinarily 
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used with fixed collimator and observing telescope, the angles 6 
and 7 are connected by the relation 
i+O0=y, 
where ¥ is the fixed angle between the axes of the two tele- 
scopes, and the angles @ and ¢ are measured positively on 
opposite sides of the normal as before. In this case any irregu- 
larity of surface of height ¢ introduces a retardation which is 
evidently 
¢(cos cos 6) . (35) 
For setting on the central slit image we must have cos 7= cos 0 
=cos \%y, and the error of phase is 


2t cos (36) 


For setting on any spectral line of wave-length »% we must 
revolve the grating through an angle 6 such that 


sin 6= 


(37) 


2a COS 
2 


Also g=1_8 and 7= 847, and (35) reduces at once to the 


form 


E = 2tcos8cos” (38) 
2 


In order that the spectral image may not be displaced a 
measurable amount from its true position with reference to the 
central slit image, the condition is 


at cos” (1 — cos =0.06A . (39) 


If the angle between the two telescopes is 30°, cos” = 0.966, 
and for the image of the D lines in the second order spectrum 
of a grating with 5,000 lines to 1 cm, the value of 6 is 

8= 17°45’, 
and for the fourth order spectrum 
8 = 37° 40’. 

And from (39) we obtain at once for ¢ 

( 0.6A for the first case, 


max = 


\ 0.15A for the second case, 
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from which it appears that the irregularities in the surface of a 
plane grating large enough to introduce a measurable displace- 
ment of the image of a spectral line would probably manifest 
themselves by a deterioration of the optical definition. 

II. The effect of temperature variations in the media traversed 
by the wave-fronts is more serious than those of irregularities of 
surface or varying obliquity which we have just considered. For 
the latter would be constant in amount and direction, provided 
the incident wave-fronts were constant in form, and under such 
circumstances could be corrected for. But the effect of tem- 
perature changes in the various optical parts of the instrument 
is to change continually the form of the passing wave-front, and 
thus not only render the corrections in question varying and 
uncertain, as has already been stated, but also introduce errors 
of displacement which vary with time alone. This latter class 
of errors can be eliminated only in two ways: first, by making 
the measurements on the two images absolutely -imultaneous in 
time ; or, second, by keeping the temperature variations within 
the limits which will render the resulting displacements less than 
the quantity e«. The first condition can be satisfied in certain 
cases by heliometric methods or by simultaneous photography 
of the two images, the measurements being afterward made on 
the photographic plate instead of directly in the focal plane. 
The elimination of the effect of what may be termed time aber- 
rational displacements in this way is one of the advantages of 
the heliometric and photographic methods of measurement that 
does not seem to have been heretofore specifically recognized. 

If the above time condition cannot be strictly fulfilled, then 
the tem’ erature variation must not exceed an amount that would 
introdu e an unsymmetrical aberration of more than 0.06A (see 
(14)). We will next examine briefly what this condition of steadi- 
ness implies. The change in the optical density (index of 
refraction) of air and glass for 1° C. is 

An, = — 1.1 X 107° for air, ) 


(40) 


An,=-+ 4.0 X 107° for flint glass.’ 


‘J. O. REED, “ Einfluss der Temperatur auf die Brechung . . . . einiger Glaser,” 


Inaugural Dissertation, Jena, 1897. Some varieties of glass examined by Dr. Reed, 
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The total difference in phase - introduced in the wave- 
front in traversing a thickness Z raised to a difference of tem- 
perature 7 will evidently be 


AA L 
x TAn (41) 
Ar 
Under the condition that = shall not exceed 0.06 we have 
at once 
iT= = 2.5 for air, 
10 - 
(42) 
<_0.06A 0.7 for flint glass | 
~ 


The focal length Z, of the largest heliometers now in use is 
about 250 cm, and the average thickness L, of their objectives 
(aperture 16cm) is about 1.5cm. From (42) we obtain at 
once 

(43) 

That is, in order to avoid an error of displacement greater 
than the limit of accuracy €=0.07a attainable with this instru- 
ment, the temperature of the two halves of the object-glass must 
remain constant to within %° C. and that of the air in the two 
sides of the tube constant within o°or C., in the interval between 
two successive sets of measurements. 

In the case of the Bruce spectrograph considered above, L, 
(for the prism train) is about 39cm and the corresponding value 
of LZ, (39”) is about 65cm. If the temperature of either the 
air or glass changes alone, the limit of this temperature change 
must be 

T, 


g 


= 0°038C. 

= 0°018C. (44) 
If the two change together and by the same amount the limit 

of the change must be (40) and (41) 


0.06A 
T= —— =o0°012C. (45) 
— L,4n,— L, An, 
notably the barium silicate crowns and the light barium flints, have much smaller 
temperature coefficients and would on that account be excellent for use in this con- 


nection. 


} 
4 
; 
| 
i 
| : 
| 
| 
vem 
| 
ey) 
| 


294 FF. L. O. WADSWORTH 


For the camera objectives, focal lengths Z,—45cm and 
60cm the limiting values of 7 are 


and o°o4C. (46) 


The interval between measurements, which in this case is the 
interval between the star exposures and the exposure for the 
comparison spectrum, is so long and the temperature require- 
ments so severe in the case of an instrument as large as the one 
considered that the only way of avoiding error would seem to 
lie in first keeping the temperature as constant as possible, per- 
haps within 0°? 1, and exposing continuously and simultaneously on 
both the star and the comparison source. The method now generally 
used of making one exposure on the latter just before and 
another just after the exposure on the star is not the equivalent 
of a continuous exposure on both, because the temperature will 
not change uniformly in the glass, even if it does in the air, and 
the effect of an unsymmetrical or irregular change in the former 
is, as shown above, about twice as great as in the latter. 

Case A (3). Effect of variations in the value of A (non- 
achromatism of image). 

When the value of Ain the general equation (3) varies, we 
have to take into account not only the resulting change in the 
scale of the diffraction pattern for each wave-length, but also 
several other effects as follows: 

(a) The chromatic dispersion of the instrument and the rela- 
tive inclination (if any) of the different incident wave-fronts 
corresponding to different values of A. 

(4) The spectral distribution in intensity in the different 
wave-fronts. 

(c) The relative chromatic sensitiveness of the eye or photo- 
graphic plate by means of which the position of the image is 
determined. 

(a) The effect of chromatic dispersion of the instrument is 
to alter the inclination of the various wave-fronts passing through 
it by an amount depending on the wave-length A and the optical 
form and constants of the media traversed. 
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Let us denote this varying inclination of the different wave- 


fronts by ¢. Then in general 
$= (A—A)=DAdr. | 
(47) 
J 


D'adr , 


and 


where A, denotes the wave-length of the wave-front which is 
brought to focus on the axis of the geometrical image. 

(6) The intensity of light in each wave-front will depend on 
the spectral distribution in intensity in the source of radiation 
itself, which we may denote by (A), and on the coefficient of 
transmission for each wave-length, which we will denote by &,. 
The relative intensities in the different wave-fronts will therefore 
be proportional to 

(Xr) . (48) 

(c) Finally, the relative effect of the image formed by each 
wave-front at the focal plane will depend on the “luminosity 
curve,” either visual or actinic, which we may denote by L(X). 

Taking into account all of these factors we have for the dis- 
tribution in intensity in the spectral diffraction pattern of a point 
or line at the focal plane of an achromatic telescope of rectan- 
gular aperture the expression 


r= A, W(r)L(A)(Z2)ad , (49) 


where 


wh 
sin? (a — DA 
sin qe (a — DAA) 


Ke )| DAA) 


(50) 
from (5). 

In the evaluating of the integral 7} of (49) and (50) we have 
to distinguish several cases: 

1. When there is no chromatic dispersion, D0, and if the 
different wave-fronts all fall concentrically on the diffracting 
aperture, the centers of the different spectral images will coin- 


*See “General Theory of Telescopic Images for different forms of Radiating 
Sources,’”’ ASTROPHYSICAL JOURNAL, 6, 124; § § A (4) and A (ce). 
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cide, or more strictly, will all fall on the optical axis passing 
through the center of the geometrical image. Since each indi- 
vidual image is a symmetrical function of A, the diffraction 
pattern resulting from their centrical superposition will also be 
symmetrical, and the result of the residual chromatic effects, (d) 
and (c), as well as any outstanding longitudinal chromatic aber- 
ration will be to change the form,* but not the position of the 
center of intensity of the physical image. This effect, like that 
of A (1), will not therefore affect the accuracy of measurement 
of positions. 

2. When the chromatic dispersion is small the superposition 
of the different spectral images will not be quite exact, but the 
continuity of the image will be unbroken; z. e., the chromatic 
resolution will not be sufficient to enable us to isolate or deal 
with any individual line or region of the spectrum. Under such 
circumstances there is considerable uncertainty as to just what 
part of the image corresponds in position to the geometrical 
center, and the error of measurement involved in the determina- 
tion of the position of the source itself may be very appreciable. 
Such a case as is here supposed presents itself in micrometric 
and heliometric measurements of the relative positions of stars 
and small planets at low altitudes. In every position except 
exactly in the zenith (and even there under certain conditions of 
barometric pressure) the Earth’s atmosphere acts as a prism, 
which not only results in the refraction, but also in the disper- 
sion of the light coming from the star or planet. The necessity 
of considering the dispersion effect was early pointed out by 
Lee,? and was afterwards more fully discussed by Rambaut3 and 
Gill*, who do not, however, fully agree as to the magnitude of 
the effect involved. Their disagreement can be explained in 

As has already been indicated this change in form may fortunately be utilized 
as the basis of a possible method of measuring stellar temperatures. Loc. cit., § A, 
p- 125. 

2 Phil. Trans., 1815. 

3° Effect of Atmospheric Dispersion on the Position of a Star.” JZ. M., 45, 
123-145; 48, 256-280. 

4“ Effect of Chromatic Dispersion of the Atmosphere on Parallaxes.” /d7d., 48, 
53-76; wtbid., 415-425. 
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part by their failure to consider fully the effect of the factors 
ky, W(A) and L(A) of (4) and (c) above, which are quite as 
important in determining the apparent center of the image of the 
star as is the term ¢=DAA which represents the atmospheric 
dispersion. Thus Rambaut shows that certain systematic differ- 
ences in the measurement of the angular separation of the 
components of 8 Cygni, made at different zenith distances, may 
be explained if we take into account the factor DAX=D(A,—?) 
only, by supposing that the value of X, for the two stars (or, as he 
puts it, the mean refrangibility ) differs by about 250 tenth-meters. 
Differences of this amount are easily possible between stars of 
such different types as the two components of the star in ques- 
tion, but the change in apparent separation of their images due 
to this difference in mean wave-length of maximum intensity is 
considerably less than Dr. Rambaut assuines, owing to the influ- 
ence of the omitted factors 4, w(A), and L(A), in determining 
the apparent center of the image when the latter is observed 
either visually or photographically. This is very fortunate, 
since otherwise, as Dr. Gill points out, observations of parallactic 
displacement would be affected by errors or rather uncertain 
corrections of so great a magnitude as seriously to reduce the 
accuracy of such work. At the same time there remains a true 
apparent displacement of the center of intensity of the image 
which is, in many cases, greater than the limiting error of meas- 
uremente, Whether this displacement of the center of intensity 
affects heliometer measurements to the same extent that it affects 
micrometer observations is, as Dr. Gil! points out, a question that 
can be settled only by individual experiment. 

The whole question is of vital interest not only in connection 
with parallax and double-star work, but also in connection with 
meridian work and almucantur observations and (under certain 
conditions as already indicated) zenith telescope measurements. 
I have therefore evaluated the integral (49) for a number of 
values of A, and under anumber of assumptions as to the form of 
the functions &,, Ww (A), and Z (A) for both visual and photo- 
graphic telescopes. This work would occupy too great a portion 
of the present paper and I will therefore present it in a separate 
communication. 
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160 
3. When 7 is large, as in the case of the spectroscope, we 


no longer have to deal in general with the whole spectral image 
of the source, but only with individual portions of it, 2. e., with 
individual spectral lines. In practically all cases the effective 
“spectral width” AX of individual lines is so narrow that over 


a6 
this range the dispersion coefficient D=—-~ may be regarded as 


axr 
constant, and for the same reason the value of A itself may be 
considered as constant with respect to the integration of (49) 
in the functions £,, Z (A) and in the denominator of (50). 
Under such circumstances the expression for the distribution in 
the intensity in the image of an individual spectral line becomes 


+00 sin? 

i= A’ (>) 

or if the source (in this case the slit of the spectroscope ) has a 
finite width? o,, 


-dp =A", (W,a,,0) , (51) 


do 


rad" (52) 
In (51) and (52) ¥ (¢)=¥ (A) represents the spectral law of 
radiation not for the source as a whole, but for any individual 
element. In a normal source whose mean wave-length is A, the 
distribution y (A) is generally assumed to be represented by the 
law 
= , (53) 
which is symmetrical in form. For such sources /, is symmet- 
rical and /, is therefore also symmetrical. This case has already 
been considered.” 

When ¥ (A) is unsymmetrical, as is generally the case when 
the source of radiation is subjected to the effect of unusual 
pressure or temperature conditions, or to abnormal magnetic or 
electrical disturbances, the form of /? and /? likewise become 


See Phil. Mag., 43, 330, 338; also ASTROPHYSICAL JOURNAL, 3, 336. 


2 Loc. cit., p. 330ff. 
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asymmetrical. Unfortunately our knowledge of the relations 
between the physical conditions of molecular and atomic vibra- 
tions and the resultant intensity of radiation are as yet too 
meager and unsatisfactory to enable us to express p (A) in defi- 
nite mathematical form in such cases. We can only consider 
and endeavor to allow for the general effect produced, and this 
will be to render the measurement of the mean wave-length, A,, 
of a given line indeterminate, to a degree depending on physio- 
logical and psychological causes rather than on physical ones. 
That is, different observers will differ among themselves as to 
the setting of a cross-wire on the mean center of intensity of 
such an asymmetrically broadened image, but aside from this, 
this kind of asymmetry cannot be said to be a real source of 
error in the measurement of wave-lengths, since the latter can 
only be considered in reference to the line itself, and not, at 
least in the present state of our knowledge, in reference to the 
free or natural period of the vibrations which have produced it’. 

‘In this connection see papers by JAUMANN, “Zur Kenntniss des Ablaufes der 
Lichtemission.” Wied. Ann., 53, 832; 54, 178; and by GALITzIN, “Zur Theorie 


der Verbreiterung der Spectrallinien,” 2é¢¢@., 56, 78. Further developments of the 
theory of radiation along the lines outlined in these papers seem probable. 


(Zo be concluded.) 
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RESEARCHES ON THE ARC SPECTRA OF THE 
METALS. 


VI. SPECTRUM OF MOLYBDENUM: 


By B. HASSELBERG. 


INTRODUCTION. 

THE comprehensive classical investigation of the solar spec- 
trum by Rowland has not only furnished to spectroscopic research 
of our times a foundation of arelative accuracy hitherto unattained 
and to allappearances hardly to be surpassed for a long time, 
but has also by the simultaneous study of the spectra of the 
metals brought the question of the chemical constitution of the 
Sun very much nearer to a solution. Although our knowledge 
as to the source of the Fraunhofer lines has been decidedly 
increased, Rowland’s catalogue of wave-lengths nevertheless 
itself gives the best testimony as to how much remains for 
research in this field before the chemistry of the Sun, and conse- 
quently that of the stars, can be brought to even a provisional 


conclusion. Of the seventy odd chemical elements, only about 
a half are represented in the absorbing envelope of the Sun, 
while a majority of the remainder have not permitted any identi- 
fication, and a few in only a doubtful manner. There is, how- 
ever, no reason to regard this condition of things as a permanent 
one, for continued researches in the field of pure spectroscopy 
will doubtless lead to a considerable extension of what has 
already been attained, particularly as Rowland’s investigations 
of the spectra of the metals are certainly not to be regarded as 
equal in completeness to his researches on the solar spectrum, | 
and further, the spectroscopic peculiarities of entire groups of 
metals, particularly the so-called rare elements, have been 
hitherto practically wholly unknown. 
In this category of spectroscopically neglected metals belong 
the three elements, molybdenum, tungsten and uranium, which 
* Kongl. Svenska Vetenskaps-Akademiens Handlingar, 36, No. 2, 1902. 
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on the basis of their chemical properties are included in the iron 
group. Rowland records the first of these as certainly present 
in the solar atmosphere, but the other two as doubtful. This 
statement, to which I shall recur below, is the more remarkable 
since the remaining members of the iron group—iron, nickel, 
cobalt, chromium, and manganese—are just the metals that appear 
to be the most numerously represented in the general solar 
spectrum. In order to obtain more definite information as to 
these conditions, which, moreover, also occur in the case of 
other groups of metals, and in order to complete my former 
investigations on the spectroscopy of the iron metals, I have 
considered a thorough investigation of the arc spectra of the 
above-named metals as particularly desirable, and this especially 
since these spectra have hitherto remained entirely unknown, 
aside from the small region between A 3900 and A 4000 studied by 
Lockyer.'' The fact that the corresponding spark spectra have 
been investigated, first in general outline thirty years ago by 
Thalén,? and then for the violet and ultra-violet portions ina 
very commendable manner by Exner and Haschek,? and for 
uranium recently by Lohse,* can in my opinion only lend an 
increased interest to such an undertaking. Now that these 
investigations have been concluded within the limits prescribed 
by my apparatus and also by the present needs of astrophysics, for 
molebdenum and have been carried out to a considerable extent 
for tungsten, it seems a proper time to communicate the results 
obtained, and I therefore beg to lay before spectroscopists in 
the following pages the results for the first-named metal. 

In my previous papers I have fully described the instrumental 
equipment employed, the method of obtaining and measuring 
the photographic plates as well as of eliminating foreign lines, 
and, as no important changes have been made in these respects, 
I may therefore omit further discussion of this matter. In reply 
to a suspicion recently expressed’ that the grating I have used 


Watts’ Jndex of Spectra, 1889. ? Nova Acta Reg. Soc. Scient. Upsala, 1868. 

3 Wien. Sitz.-Ber., Mathem. naturwiss. Classe, 104, 1895; 105, 1896; 106, 1897; 
107, 1808. 

4 Berlin. Sitz.-Ber., 1897. 

5 Wien. Sitz.-Ber., Mathem.-naturw. Classe, rro, 986, 1901. 
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had a very slight dispersion, I would remark here that this grat- 
ing, which Professor Rowland at the time had the kindness to 
select for meas the best among a considerable number, has a 
ruled surface of 8 x 5 sq. cm, with 14,438 lines tothe inch, and 
that it constitutes in connection with an excellent Steinheil 
telescope of 85mm aperture and 1.6m focus as collimator and 
with a camera having an objective of the same dimensions, a 
spectrograph which in respect to its optical power is only sur- 
passed by the large Rowland concave grating. For this reason 
I have hitherto employed this apparatus exclusively for my 
investigations of the arc spectra; but I have also recently 
mounted a large concave grating, of 6.3 m radius and 20,000 lines 
to the inch, in order to secure the necessary efficiency in the 
extreme ultra-violet, which cannot be reached by the present 
spectrograph on account of the absorption inthe glass. Judging 
by the provisional tests of this grating, I have every reason to 
expect the best results from its use. 


ELIMINATION OF FOREIGN LINES. 


Inmy first attempt to obtain the arc spectrum of molybdenum 
I introduced fragments of molybdenum sulphide into the arc, 
at the suggestion of Baron Nordenskidld, in the hope of thus 
obtaining the purest possible spectrum of molybdenum, since 
the mineral in question was said to contain in addition to molyb- 
denum only sulphur, which is known to yield no spectrum in 
the arc. But my expectation was not confirmed, for a superficial 
examination of the plates exhibited so serious a contamination 
by foreign lines that the further use of this material had to be 
given up. I substituted for it pure metallic molybdenum from 
the chemical works of Merck in Darmstadt, and thus obtained a 
spectrum of decidedly greater purity, although in this case, as 
in all similar ones, chemistry is still far from being able to supply 


a spectroscopically pure preparation. The number of foreign 
lines therefore still remains not inconsiderable, in spite of the 
pains taken to suppress them ina spectrum having so many lines 
as the present one, but I nevertheless hope that most of the 
impurities have been removed from the catalogue of lines to be 
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given below. The comparisons made with previously known arc 
spectra, for accomplishing this elimination, give the following 
results : 

MOLYBDENUM AND IRON, 


On the first examination of the plates the majority of the 
easily recognizable iron lines were excluded from the provisional 
list of wave-lengths for molybdenum. The comparison with 
the iron spectrum of Kayser and Runge after the completion 
of the definitive catalogue yielded a considerable number of 
instances of approximate coincidence, the reality or unreality of 
which were tested, line for line, by the accurate investigation 
of plates exposed to the two spectra especially for this purpose. 
The results of this investigation are shown in the following table: 


a Mo | Fe Remarks 
| 
3466.98 | 2 | 3467.05 5 Separated. A Ao < hd Fe 
81.95 | 1.2] 81.94 6 Fe line lacking 
3493-49 2— | 3493-44 6 Separated. A Mo > Xd Fe 
3504-55 2.3 | 3504.56 6 | ¥e line lacking. 
24.35 2+ | 24-38 | 5 | Separated. Mo <X Fe 
26.08 I+ | 26.12 5 | Separated 
52.57 | 1 52.62 | 6 Probably \ Mo < Fe. Rowland has | 52-57 
54-35 2-— 54.28 4 Separated. A Mo > dX Fe —_ 
66.57 I 66.50 5 Separated 
71.42 ‘2 71.38 5 Separated. \ Mo > Xd Fe 
74.05 2.3 74.04 3 Coinc, Other F¢ lines in the vicinity are lacking in Mo 
82.03 3.4 81.98 6 Separated. Mo line dupl. 
90.90 2+ 90.84 6 Coinc. or perhaps \ Mo <X Fe ‘i 
g1.55 91.52 6 Separated. \ > Fe. Rowland has 9 
94-73 I 94-75 Separated. Mo < Fe 
3603.86 1.2 | 3603.84 6 | Fe line lacking 
10.80 1+ 10.87 3 | Separated. Jo line exceedingly faint 
14.87 I 14.79 6 | Coinc.? Fe line diffuse 
23.36 2+ 23.34 3 | Separated. \ AZo >d Fe. Rowland gives 23. 36 
26. 33 3.3 26.31 6 Coinc. 
55-21 55-13 6 Separated. A Mo >X Fe 
63.14 2 63.05 6 Fe line lacking 
77.83 2— 77.7! 4 No coinc. Mo Fe 
81.88 2— 81.80/ 6 | 
86.72 2— 86.66 6 Fe line lacking 
3690. 30 I 3690.2 6 
3702.67 2 3702.05 6 Separated. AMo>A Fe. Rowland gives A Fe 02.63 
08.73 08.74 6 Separated. AMo < A Fe 
18.66 18.57 4 Separated. 
27.86 3 27.80 3 Separated. AX=0.09. Rowland has 27.78 
3796.19 1.2 | 3796.14 6 Fe line lacking 
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Mo Fo 
A A 
3801.14 I 3801.18 
02.00 2.3 01.95 
06.15 2 06.15 
10.99 I 10.92 
14.64 I+ 14.69 
18.83 2-— 18.80 
21.82 I 21.95 
24-34 1.2 24.2 
25-63 I+ 25.57 
29.04 29.05 
29.95 1.2 29.89 
30.98 2— 30.98 
44.09 I.2 44.01 | 
48.45 2+ 48.45 | 
94.25 Io 64.19 | 
3893.50 1+ | 3893.50 
3903.07 10 3903.11 
71-54 5.2 71.46 
73.10 1+ 73.05 
3974-09 | 2 74.15 
4000.67 2 4000.65 
06.85 06.79 
20.59 x 20.62 
32.65 1.2 32.62 
56.18 2 56.12 
76.35 2 76.40 
86.16 2 86.14 
4093.32 I+ | 4093.36 
4105.27 2+ | 4105.35 
07 .63 3 07.65 
08 . 30 2 08.30 
10.46 I 10.48 
15.08 2- 15.05 
19.12 2 19.07 
23.83 2 23.88 
29.02 2— 28.98 
35-55 ‘+ 35.50 
37.10 1+ 37.13 
52.07 52.11 
57-59 4.3 57.53 
60.44 I+ 60.38 
70.01 2= 69.97 
70.55 I 70.49 
78.72 I 78.71 
80.69 I 80.67 
81.24 2 81.23 
84.33 I 84.38 
4190.17 2— | 4190.14 
4200.02 I 4200.03 


| 

| 

| 


Remarks 


Trace of Fe, but not observable 
Coinc.? AMoAA Fe? Rowland givesA Fe o1.95 

fe line lacking 

Separated. A A/o > AX Fe. Rowland has 10.90 Fe 
Widely separated 

Fe line lacking 

Fe line lacking 

Separated. A Mo > AX Fe 

Coinc.? Perhaps \ Mo > Xd Fe 

Fe line lacking 
Not separable. 
Mo \ine between two Fé lines 


Rowland gives © 29.91 but no 
| Fe line 


Separated. < Fe 

Separated. A Mo < Fe 

Coinc.? Fe > 6 

Separated. Rowland has 93.54 

Coinc.? \ Mo <,X Fe?. Both lines reversed 
Separated. Mo > d Fe 

Separated. > Fe 

Separated 


Separated. Rowland gives © 00.61 Fe. This 
line lies between Mo 00.67 and 00.55 

Separated 

Separated. Alo < Fe 

Fe line uncertain 

Coinc.? Trace of Fe line. 
56.22 Cr and 56.13 Fe 

Separated. A Mo < AFe. 

Coinc.? 

Fe line lacking 

Fe line lacking. Rowland has © 05.32. 
lines are separated 

Separated. Mo < Xd Fe 

Coinc.? Fe line faint and diffuse 

fe line lacking 

Coinc.? Fe line diffuse. Rowland has © 15.09 

Separated. Mo > X Fe 

Widely separated. Rowland A Fe = 23.91 

? 


Mo l\ine between 


R. has © 76.38 Fe 


The 


Fe line lacking 

Widely separated. Rowland \ Fe = 37.16 

Separated. AX > 0.04 

Fe line lacking 

Fe lacking 

Coinc.? Fe line diffuse 

Fe line lacking 

Perhaps separated and \ Mo > Xd Fe 

Fe line lacking 

Mo line dupl. — Fe line coincides with the 
violet component 

Fe line lacking 

Trace of Fe. > Fe? 
the line to AZx 

Fe line lacking 


K. and R. assign 
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Mo Ke Remarks 
A z A z 
4201.35 I+ | 4201.33 6 Fe line lacking 
2.97 i 2.87 5 Separated 
46.19 4.3 | 46.20 4 Separated 
58.85 1+ 58.77 5 Fe \ine concealed by a ghost 
73.23 ‘4 73.18 6 Fe line lacking 
4277.38 3 4277.36 | 6 Trace of Fe. Coinc.? 
4310.58 2— | 4310.57 6 Separated. A Mo > X Fe 
24.72 | I 24.71 | 6 Fe line lacking 
50.53 3- 50.48 6 | Fe line lacking 
69.23 2.3 69.23 6 | Feline lacking 
6 | Feline lacking. K.and R. assign the line to 
g1.71 2.2 | 91.73 | 6 | Separated.? The Fe line belongs to Co 
4396.83 2 | 4396.83 | 6 | Trace of Feline. Coinc.? 
4403.07 2+ | 4403.02 | 6 | #e line not visible, concealed by a ghost. 
24.40 I 24.33 | 6 | Separated 
26.86 2.3 | 26.81 | 6 | Separated. Ad > 0.05 
37.06 | 37.11 | § | Separated. AMo 
44.21 I+ | 44.22] 6 Fe line lacking 
46.62 3— | 46.54| 6 | Feline concealed by a ghost 
64.96 3— | 64.95] 4 Mo \ine on the red edge of the Fe line 
68.46 3 | 68.51 | 6 | Feline lacking 
4489.17 1.2 | 4489.15 | 6 | Separated. Fe 
4515.36 2— | 4515.43 | 6 Separated 
18 61 I+ | 18.69] 6 | Separated 
28.77 2.3 | 28.85 | 1 | { Probably separated; lines broad and hard to 
| separate 
35.00 2+ | 35.01 | 6 Fe line lacking 
60.32 2+ | 60.3: ae Coinc.? Mo line sharp, Fé line diffuse 
79.92 I | $0.00 6 Separated 
4582.52 I+ | 4582.58 6 Fe line lacking 
4611.36 2— | 4611.45 2 | Widely separated 
26.67 3-4 260.72 6 | Separated. Fe 
27.70 2.3 | 27.72 | 6 | Probably separated 
30.20 2— | 30.29| 4 | Widely separated 
41.12 I— | 41.19 6 | Separated. Alo <d Fe 
51.25 2+] 51.34 4 | Widely separated 
62.11 3.3 62.16 5 Separated. AMo <r Fe 
63.31 14- 2. 6 Separated. < Fe 
4688.41 2.3 | 4688.46 | 6 Separated. \ Mo < AFe. Fe line broad, diffuse 
4707.44 3-4 | 4707.52 2 Separated. Ao < d Fe 
31.64 34) $2.07 6 Separated. < Fe 
34-34 | 34-32 6 Separated. Mo > X Fe 
40.58 I 40.55 6 Separated. Mo 
4749.61 I— | 4749.56 6 Fe line lacking 
4808.29 2— | 4808.32 6 Separated 
11.28 2.3 1.2 6 Coinc. Belongs to Mo 
17.92 2— 17.97 6 Separated 
4860.99 I 4860.99 6 Fe line lacking 
os Separated. Rowland gives for the Fé line 
4957-78 3 4957.87 2 agen probably should be 57.88. 
4964.63 2— | 4964.72 6 Separated 
5047.90 2 5047.92 6 Fe line lacking 
5109.90 2+ | 5109.82 6 Separated 
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| 

Mo F A Fe Remarks 
5115.86 I— | 5115.94 6 Fe line lacking 
5232.58 I— | 5232.55 | 6 Fe line lacking 
5394-75 2 5394.81 6 Separated. A Mo< NX Fe 
5426.24 I | 5426.21 | 6 Separated. A Mo > 
5533.26 6 | 5533-17 5 Separated 

34.85 I 34.94 6 Fe line lacking 
5543-38 2+ | 5543.41 | 4 Coinc.? Moline sharp. ¢ line diffuse 
5651.54 I+ | 5651.60 | 6 Fe lacking 
5672.35 I+ | 5672.39 6 Fe line lacking 
5707.26 1.2 | 5707.22 5 Coinc.? Belongs to V 

08.28 I+ 08.32] 5 Separated. A Mo < Xd Fe 

Separated. A Mo <dFe. K. and R. assign 

68.05 5 the line to 77 

27.30 2 27.27 6 Coinc.? Perhaps \ Mo > Fe 
6771.33 I+ | 5771.35 6 Fe line lacking 
5849.16 I.2 | 5849.14 6 Fe line lacking 


In my former comparisons with the iron spectrum of Kayser 
and Runge I added the correction + 0.07 tenth-meters in order 
to render their wave-lengths, which are based on Bell’s earlier 
determinations for D,, comparable with my measures, which are 
referred to the later system of Rowland. Nevertheless, I had 
at that time repeated occasion to doubt the accuracy of this 
correction, and this suspicion has been fully confirmed by a com- 
parison of Kayser’s recently issued list of standards in the arc 
spectrum of iron with the former measurements. If we group 
the differences appearing in such a comparison in sections of 
100 tenth-meters and take the means, we obtain the following 
values of the correction: 


43400 — AZ3500 AA=-+ 0.07 tenth-meters 


3500— 3600 .O4 
3600 — 3700 
3700 — + 3800 .02 
3800 — 3900 .03 
3900 — 4000 -O5 
4000— £4100 .08 
4100— 4200 .07 
4200— 4300 .02 
4300— 4400 .05 
4400— 4500 .06 


We see that the correction varies considerably in the different 


parts of the spectrum. 


On applying these new values to the 


| 
| 
| 
ip 
| 
| 
| 
| 
| 


ARC SPECTRUM OF MOLYBDENUM 307 


earlier measures of Kayser and Runge I was able to bring them 
into a far better agreement with my observations than formerly. 
Thus, for instance, cases occurred where at a very close coinci- 
dence of an iron line with a line of a different metal the use of 
the former correction led actually to a precisely opposite rela- 
tive position of the two lines—the iron line being thus trans- 
posed, say, to the red edge of the other line, while on the double 
exposure of the two spectra just the reverse position could be 
distinctly observed. With the aid of the above corrections such 
contradictions have been disposed of almost without exception. 
On account of the small differences which still exist between 
the Kayser-Rowland iron standard lines, on the one hand, and 
the list of solar lines by Rowland, on the other, the comparison 
of my observations of the molybdenum lines with Kayser and 
Runge’s iron lines cannot be carried out with the greatest rigor, 
but this is, however; sufficiently sharp for the portion of spec- 
trum under consideration to render the results of the above table 
adequately reliable. For the remaining portion of the spectrum, 
between D and 24500, I have, of course, been obliged to employ 
the old correction. 

We see from the table that in the great majority of 
approximate coincidences between the lines of iron and molyb- 
denum. the former are either lacking in my spectrum, or, if 
present, are clearly separated from the latter and consequently 
are independent. I would therefore express no definite opinion 
at present whether this absence of a number of the faintest lines 
of Kayser and Runge’s iron spectrum is solely the consequence 
of a lower intensity of current employed by me, or indicates a 
greater purity of my sample of iron; but a certain probability 
is lent to the latter supposition by the fact that a quantity of 
impurities are actually present in the iron spectrum of Kayser 
and Runge. Moreover, since the cases are very rare in which a 
coincidence could be demonstrated without ambiguity between 
lines of molybdenum and the Sun, it was to be expected that 
the approximate coincidences with iron lines would in many 
cases prove only apparent, while, on the other hand, in the com- 
paratively few doubtful cases such an explanation gains in proba- 
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bility. This is still more the case, since in such more or less 
certain coincidences the lines show a different character, those 
of molybdenum being always sharp, while those of iron are 
frequently diffuse. 


MOLYBDENUM AND CHROMIUM. 


The following table contains the approximate coincidences 
between lines of molybdenum and of chromium obtained by a 
comparison with my former measures of the latter spectrum; as 
will be seen, the investigation of the double exposures has shown 
these coincidences to be only apparent, almost without excep- 


tion: 
| 
Mo ; | a Cr Remarks 
3548.88 I 3548.95 | 2 | Separated. Cyr line very diffuse 
64.45 | 64.44 | I | Coinc. Belongs to Mo 
66.20 2+! 66.23| 2.3 | Coinc.? Cr line diffuse 
3584.42 ia | 3584.45 | 2.3 Separated? AAlo<XACr. Cr line diffuse 
3603.86 1.2 | 3603.86 | 2 Coinc.? Cr line diffuse 
08.52 2+ | 08.52 | 1.2 | Coine. 
12.62 2— | 12.70} 1.2] Separated 
13.80 3.78 < Co. Cr line diffuse 
81.88 2— | 3681.81 \Mo>XCr 
43.98 i+ | 44.01} 3 || Mo < Cr 
44-55 2— | 44.63 | 2 | >Separated 
47-37 2— | 47-40| 1.2] | < ACr 
48.66 2+ | 48.73} 2 
56.02 55-97 I | Coinc. Belongs to 
, | Separated. The Cr line coincides with Jo 
I+ 66.85 68.92 ACY too small 
3797.20 1.2 | 3797-28 | 2 |) 
3808 .04 | 3808 .06 \ Mo < XCr 
22.14 I | 22.22 I | M 6 
The Cr line is between 25.63 
25-50 1.2 | 25-54 | and 25.50 
30.22 2 30.17 3.4 | >Separated \ > 
34.82 34.88 2.3 
3886.98 2 3886.94 3 \ Mo >XCr 
\Mo>rXCr. Rowland gives 
3903.07 10 3903.02 3 | 03.09 Fe, Cr 
17.09 2— 17.15 I— Mo < XCr 
20.25 I— 20.25 3.2 Coinc.? Belongs to Co? 
28.86 28.79 | 4 Separated. 
69.17 I 69.20 2 Separated. AMo< ACr 
3994.06 2— | 3994.10 Separated. < ACr 
4025.64 1.2 | 4025.60 I Separated. AMo>XACr 
43-91 43.85 Separated. A Mo >XACr 
Separated. AMo<ACr. AMo=—56.22 ac- 
56.18 56.17 to Rowland 
67.88 1+ 67.94 I Widely separated 
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Mo ; cr ; Remarks 
4081.94 | 2— | 4081.88 I Coinc. Cr erroneous 
4142.28 | I+ | 4142.31 2 
5.32 | 1 75.34 | 1.2 }+Separated. <ACr 

4186.47 | 2— | 4186.50 | 1.2 | 
4284.77 3 4284.84 | 1.2 | Widely separated 
4338.90 | 2— | 4338.95 | 1.2 , \Mo < XCr 

63.21 I— 63.25 A\Mo< XCr 

76.87 | I+ 76.95 2. | Separated. AMo<XACr 

80.80 | 1.2 80.73 | 1 | \Mo > 
4397.48 | 2+ | 4397.40 2 | \Mo>XCr 

Separated. AA=0.07. ACr 
2-3 Rowland gives 24.46 

23 42.43 1.2 | Separated. AMo< 

4458.84 1.2 | 4458.75 2.3 | Widely separated 
4526.56 2+ | 4526.65 4 Widely separated 

41.75 2— | 41.70 2 | Separated. AMo> ACr 

86.25 I+ | 86.31 2 | Separated. AA/o< ACr 
4588. 33 1.2 | 4588.38 1.2 | Separated. AMo<ACr 
4610.07 | 3 | 4610.07 1.2 | Coinc. Belongs to Mo 

14.94 I | 14.92 1.2 | Separated? AA/o > ACr 

48.02 2 | 48.00] 1.2 | Separated. Mo < Cr 

56.57 I | 56.6: 1.2] Separated. AM/o<XACr 
4673.24 1 | 4673.30 | 1.2 | Widely separated 
4700.71 2— | 4700.77 2 ? 

06.25 | 2 06.25 ‘8 Coinc. Belongs to AZo 

23.27 | 1.2 | 23.28 | 2.3 <XCr. AN exceedingly 
4783.16 | 4.3 | 4783.16 | Separated. AMo<XCr. Crline diffuse 

| 


MOLYBDENUM AND COBALT. 


As in the previous cases, the lines of approximately equal 
wave-lengths are here again practically wholly independent of 
each other, as is seen from the following table. In a few cases 
where a separation could not be effected, the molybdenum line 
is commonly too strong to be considered as impurity. In the 
region from D to F there occurs only a single pair of lines whose 
components differ from each other by less than 0.05 tenth- 
meters, namely, Mo 5431.27 and Co 5431.30, and this pair was 
not specially investigated. 
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3562.26 2— | 3562.22 .3 Somewhat separated. Xo > X Co 
3582.03 3.4 | 3582.00 2 Coinc. 

3605.19 I+ | 3605.19 | 2 Coinc. Foreign Line ? 
08.52 2+ 08.50 1.2 | Separated. AMMo>XCo 
39.71 1+ 39.63 2. Widely separated 
51.48 32 | §8.42 2 Widely separated 
86.72 2— 86.63 :.3 Widely separated 

3693.52 2— | 3693.53 Coinc. Foreign Line ? 

3702.33 I+ | 3702.40 | Separated 
33-59 I+ 33.62 Separated Mo 

3759.80 1.2 | 3759.83 1.2 Separated < Co 

3812.63 2 3812.57 Separated > 
14.64 rt 14.58 2 Coine., ? 

19.98 20.02 2 \ Mo < 
66.87 1+ 66.92 I | \ Mo <XCo 
73.30 73.25 4.5 \ Mo >XCo 

3893.50 I+ | 3893.44 1.2 | (Separated. 

3045.41 | 2— | 3045.47| 3 || 
47-33 2— 47.28 ee Mo > XCo 
66.52 2— 66.52 3 Coinc. Mo line too strong to come from Co 
69.17 I 69.25 2.3 

3976.35 2 3976.28 | 2.3 | ? 

4076.69 1.2 | 4076.74 2 Separated. AMo<XrCo 

4207.75 1+ | 4207.77 1.2 | Separated. Mo < Co 
68.25 68.18 \ Mo > X Co 

4292.34 4292.41 | 2 

4375.07 I 4375-09 | 2.3 

4391.71 1.2 | 4391.70 3 Separated \ Mo < XCo=91.74? 

4490.37 2 4490.46 | 1.2 

4492.24 I 4492.23 fat \ Mo < Co 

Coinc. Impossibleto separate. Rowland gives 

4517.30 3+ | 4517.28 | 3-4 17.32 

4553-52 5.2 | 4663.52 \ Mo < 

4651.25 2— | 4651.28 < XCo 
82.44 I— 82.53 4 

4686.01 2— | 4686.05 1.2 | }Separated. AMo<XrACo 

4776.54 3 4776.49 Mo > Co 
85.34 4.3 85.26 71 2 Co < 2.3 

4792.96 | 2 | 4793.03| 4 |J 


MOLYBDENUM AND NICKEL. 


The comparison of the spectra of these two elements has 
yielded only a small number of approximate coincidences, as 
appears from the following table. Since most of these are not 
real we may consider the molybdenum to be practically free from 
nickel. a 
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Mo ‘ Ni 
3533-87 | 2 | 33.89) 1 | Cx 33.90 
3566.57 | 1 66.50 4-5 | ) 
3793-75 2— 93.75 3 
3994.06 | 2— 94.13 2 | These lines have not been specially investi- 
4006.23 | 2 06.30 2 gated 
4075.72 | 2— 75.75 | 1.2 
4138.72 2 38.67 | 1 J 
4284.77 3 84.83 | 2.3 Widely separated 
4325.44 I | 25.49 | 1.2 Separated? \ Mo >rNi? 
4423.24 | I+ 23.2 | 1.2 | Coinc. 
4553.40 53-37 | 1.2 Separated. AMo>XAAN 
4567.57 I— 67.59 | I Separated? 
4018.15 1+ 18.22 | 1.2 Coinc. Impurity? 
4786.67 2 86.66 | 3 Rowland gives © 86.73 Vz. Separated 
4792.96 2 2.98 | I Separated. AMo<AMN 
4817.92 2— 17.97 I Widely separated 
5058.30 I 58.22 I Separated 
5080.23 | 2.3 80.16 1.2 Separated 
5642.05 I— 42.08 | .2 Separated. AMo<AM 
| 


MOLYBDENUM AND MANGANESE, 


The following table shows that here also there were only a 
few isolated cases in which a separation of close pairs of lines in 


a 


3669. 
36080. 
3793. 

67. 
3770. 
3830 

33. 

44- 
3596 
3908. 

II 
3930. 
4008. 
4075. 
4132 


4148. 
4235. 


4375. 


4381. 
4452. 
4586. 
4626. 
4838. 


Mo Mn Remarks 
50 3.3 | 3669.54 I Separated. AMo<r Mn 
36 1+ | 3680.32 I Separated. AA/o>AMn 
52 2 3763.51 2-— Coince. ? 
go 67.84 2-— Separated. AMo>rMn 
73 1+ | 3776.70 1.2 Probably separated and > Mn 
.08 I+ | 3830.12 I+ Separated. AM/o < AMn. 
g2 3 | 33-96 3.4 Separated. A 
09 44.10 3.4 Separated. AMo<AMn. AdX> 
55 1.2 | 3896.48 1.2 Separated 
42 1.2 | 3908.34 I Widely separated 
£8.37 1.2 | Separated. AAlo< 
89 I+ | 3936.91 pt Coinc. Rowland gives Mn 
21 I+ | 4008.19 | 1.2 | Perhaps \ A/o > X Mn 
43 2 4075.39 1.2 | Coline, 
| Separated ? line faint. . t Mo var. 
2— | 4132.45 1 | fo? 
88 | 1+ | 4148.94 2.3 | Widely separated 
23 | 1.2 | 4235.28 | 3 
Mo<XMn 
| 4375-10) 2 | \Mo<Mn Mn line lies § 75.21 
82 4 4381.87 2— | | AMo<rMn_ between Mo: .07 
77 1.2 | 4452.73 1.2 \Mo>XMn 
25 1+ | 4586.30 | 1+ | 
67 3-4 | 4626.74 2 | ¢ Separated 
35 I 4838.40 I 


3 + 
| 
he 
= 
| 
— 
. 
7 
{ | 
| 
| 
= 
—_— 


312 B. HASSELBERG 


the two spectra could not be effected. In view of the not 
inconsiderable intensity of these lines the assumption of an 
impurity by a third metal seems hardly probable. 


MOLYBDENUM AND TITANIUM. 


In the region of spectrum from D to F there is but a single 
pair whose components have very nearly the same wave-length, 
namely, Mo 5712.05 and 77 5712.07. These are, however, inde- 
pendent of each other, since the Mo line lies at the edge of the 
solar line at 5712.09, which is certainly identical with the 77 
line. The line is ascribed to iron by Rowland as well as by 
Kayser and Runge. The remaining pairs of lines in approximate 
agreement are given in the following table, from which it again 
appears that in almost every case the lines are independent of 
each other. 


Mo Tt Remarks 


I Separated. A Mo > Xr Ti 
3510.93 1.2 | 3510.98 3 Widely separated 
3566.20 | 2+ | 3566.16 1.2 | Separated. Mo 


3613.94 | 1.2] 3613.89 2 
14.42 | 14.35 2 Separated 
35-30 | 2 35.33 2 | Separated. \ Mo <d7i 
35.57 | 2.3 35.61 4-5 | Separated. A Mo< X77 
36.07 | I 36.05 I Coinc. Impurity? 
54-73 2+ 54-72 3 Nearly coinc., but < 7% 
62.30 1.2 | 2.37 2.3 | Widely separated 
63.83 1-4 | 63.82 t | Coinc. Common impurity ? 
77.83 | 2— 77.90 I Separated, but \ Mfo > AX 77 = 77.80? 
3688.12 I 3688.19 I 77 line lacking 
3702.33 I+ | 3702.42 2 Widely separated 
35.80 1.2 35.84 1.2 | Separated. A Mo< XA 7 
61.93 | 2— 62.01 I Widely separated 
66.58 I 66.60 1 | Separated. A AT? 
76.27 I+ 76.20 |} 1 | Separated. Mo>XA 
88.42 2 88.44 | 1.2 | Ziline lacking 
3798.39 10 | 3798.47 | 1.2 | Separated 
3806.15 2 3806.19 I 77 line lacking 
14.56 1.2 11.56 I Coinc. Mo? 
14.64 I+ 14.72 | 2 | Widely separated 
21.82 I 21.86 I 77 line Jacking 
22.14 | I 22.16 2.3 | Separated. Mo < XA 
29.95 $3 29.87 1.2 | Separated 
48.45 | 2+ 48.48 1.2 | Probably separated. Mo < 77 
74-34 | 4.2 74.32 2 Coinc. 77 line faint 
3888.15 | I— | 3888.20 2 Separated. Mo 7i. 77 line diffuse 
3913.52 | 1.2] 3913.58 2.3 | Separated. AMo< rT 
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3934.41 2.2 34.3 1.2 | Separated. A Alo > 7% 
3994.79 I 3994.84 1.2 | Separated. A Mo < dA 77 
4008.21 I+ | 4008.20 a Coinc. Ao line sharp. 77 line diffuse 
34.11 I 34.05 I.2 | Separated. Mo >A Ti 
4057.77 1.2 | 4057.7 1.2 | Coinc. Impurity ? 
4105.27 2+ | 4105.31 1.2 | Separated. \1/o<X77. Thelineo5.31 belongstoV 
64.26 64.27 1.2 | Separated. 
4166.47 1.2 | 4166.45 3 Separated, but A A/o << 77 
4224.93 I 4224.96 2 Separated. A Alo X77 
60.85 [.2 60.91 | 1 | Separated 
66.37 2— 66.37 1.2 | Separated. AAfo< 
80.17 I+ 80.17 1.2 | Separated. 7%. AX = 0.04 
4291.39 2— | 4291.32 Separated. A Alo > X77 
4335.00 2 4334.98 | 1.2 ! Separated, but X Wo < 77 
4417.40 I 4417.46 | 3 Separated. A < 
33.68 t= 33.95 1.2 Widely separated 
3-4 57-59 3.4 | Separated. < XTi 
4489.17 1.2 | 4489.24 2.3 | Separated. A Alo < Xd 77 
4501.44 2 4501.43 3 Separated ? > 77? 
35.00 2+ 34-97 3-4 | Separated. A Mo > Xd 77 
58.30 58.28 1.2 | Coinc. 
4599.35 2— | 4599.40 2 Separated 
4656.57 I 4656.60 3-4 | Separated. A Mo< XTi 
4723.27 1.2 | 4723.32 2.3 
4808 .68 I+ | 4808.70 2 


MOLYBDENUM AND VANADIUM. 


In the spectra of these two metals I have me ~ ith lines of 
the same, or nearly the same wave-lengths, in only a few isolated 
cases, which might be ascribed to the two metals on the basis of 
their ratios of intensity. The pairs are these: 


Mo 


3524.35 | 2+ | 3524.38 2+ 
4240.26 2 | 4240.25 2 
4770.54 3 | 4776.54 3 

2 


5241.09 5241.06 


As for the rest, the following table shows that the approxi- 
mate coincidences found are not real. 

After these comparisons with the arc spectra of the metals 
investigated by myself, I now proceed to the comparison of my 
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3498.21 1-+ | 3498.23 | 1 V line lacking 
3504.55 2.3 | 3504.57 | 1.2 Separated ? 
24.35 | 2+ | 24.38 2+ Coine. ? 
3562.26 2— | 3562.32 | 1 Separated 
3038.57 | | 3038.57] I Coinc. Foreign line ? 
3669.50 | 2.3 | 3069.57 | 1.2 Widely separated 
3732.91 | 3 1 3732.88 2 Mo \ine dupl. 
24.56 | 1.2 34.59 Separated. AMo 
70.66 2.2 70.68 I V line lacking 
75.82 I+- 75.85 Separated. A Mo <AV 
3770.27 I+ | 3776.31 i Separated. AM/o < AV 
3822.14 I 3822.14 2.3 Slightly separated. AZo < AV 
47.41 2+ 47.406 4.3 Separated. A Mo <AV 
70.77 1.2 70.72 i+ | V line faint. »MMoseems > AV 
3888.15 I— | 3888.23 I+ Separated 
3916.62 I+ | 3916.55 2 Separated 
24.78 I 24.384 Coinc. close 
31.57 1.2 | 31.50] 2 
35-33 1.2] 35-28] 2-3/1 ; 
3950.40 | 1 | 3950.37| 2— Separated. 
4003.62 | 1+ | 4003.70] 1.2 || 
05.86 | I 05.86 2+ Coinc. V? Other strong V lines are lacking in W/o 
32.05. «| 4:2 32.62 I.2 Separated. A 
4067.88 I+ | 4067.90 1.2 Separated. AMo< AV 
4102.33 2.9 |. 4202.32 3 Slightly separated. AV 
05.27 2+ 05.32 | 3 Separated 
07.63 3 07.64 I.2 Slightly separated. AA/o< AV 
08.30 Iz 08.36 2 Widely separated 
37:07 | @—~ 32.13 3.4 Separated. V line reversed 
“375.33 | 1 4175-30 I Coinc. Foreign line ? 
4240.26 | 2 4240.25 2 Coine. 
40.48 2 40.53 2+ | Separated. AMo<rAV 
91.30 91.46 p Separated 
4296.35 I.2 | 4296.28 22 1) 
4369.23 2.3 | 4369.25 1+ | Hard to separate. AMo<AV? 
4392.32 I.2 | 4392.2 2 | Separated. AMo<AV 
4506.22 3 4506. 30 2 | } 
4011.03 I+ | 4611.10 1.2 || 
26.67 3.4 26.67 2+ | }Separated very slightly 
30.20 2— 30.2 I | | AMo<rV 
4648.02 2 4648.08 I J AMo<XrXAV 
4706.25 2 4706.34 2.3 Widely separated 
76.54 3 76.54 3 Coince. 
84.64 I 84.65 2 
4786.68 2 4786.70 | 3 Separated. A Mo < AV 
4833.13 1.2 | 4833.17 2 AX > 0.04 
5014.80 I+ | 5014.83 3 Separated. AMo<drAV 
5241.09 3 | 5241.06] 2 Coin. *#V<2 
5437-97 2.3 | 5437-93 1.2 Separated. AMo >AV 
5632.74 4 5632.73 I Coinc ? Perhaps \ A/o < AV 
5734-32 2— | 5734.26 2 Coinc? V? 
5747-93 I 5747-98 I Separated. AAlo< AV 
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observations with the arc spectra of other metals investigated by 
Kayser and Runge. For this purpose I first made out accurate 
lists of all those lines of molybdenum which agreed within the lim- 
its of error given by Kayser and Runge with lines measured by 
them. But nothing could be concluded from the approximate 
agreement of the positions, since these limits of error exceed from 
ten to a hundred times the uncertainty attaching to my determi- 
nation of the molybdenum lines, on account of the diffuseness of 
the lines of lithium, sodium, potassium, caesium, antimony, mer- 
cury, copper, silver, and gold. For the present I therefore regard 
my spectrum of molybdenum as free from impurities due to these 
metals. This also holds good for the metals rubidium, magne- 
sium, zinc, aluminium, indium, arsenic, thallium, and tin, for 
which no lines agreeing with molybdenum occur in the tables 
of Kayser and Runge. The remaining metals investigated by 
Kayser and Runge —calcium, strontium, cadmium, barium, lead, 
and bismuth—present in their arc spectra only isolated cases of 
approximate coincidence with the lines of molybedenum, as to 
the actual nature of which I can at present give no definite 
decision, In the summary of these lines given in the following 
table I have only taken into account those in which the limit of 
error assigned as possible by Kayser and Runge does not exceed 
the amount of 0.05 tenth-meters, since for greater values of this 
limit the close agreement of the wave-lengths is in my opinion 
too likely to be accidental. 


KAYSER AND RUNGE HASSELBERG 
| A | | Remarks Mo 
4 
Bi 3888.34 | 0.03 | 6 88.36 2— 
Pb 4062.30 | 0.03 4 | reversed 62.24 2.3 
3566.90 | 0.05 5 diffuse 66.91 1 
4224.11 0.05 4 24.10 1 
| 4291.32 | 0.05 4 91.39 2— 
Ba 4 4325.38 | 0.05 5 25.44 +I 
4402.75 0.05 2 reversed 02.67. 2— 
| 4407.10 | 0.05 4 diffuse toward red 07.04 I+ 
4700.64 | 0.05 3 diffuse toward red 00.71 2— 
Ca 3973-89 | 0.05 - diffuse toward red 73.92 2+ 
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The first of these lines may well belong to calcium, although 
it seems less probable on account of the diffuseness on one side 
of the lines in the spectrum of this metal. The first five of the 
barium lines should be separated from the corresponding molyb- 
denum lines on account of the very considerable difference of 
the wave-lengths, while the last two should perhaps be removed 
from the molybdenum spectrum. I have, however, not removed 
the first or the last two lines of this table from the catalogue of 
molybdenum lines. 

It now finally remains to compare the spectrum of molyb- 
denum with the arc spectra of the metals of the platinum group 
recently investigated by Kayser. A considerable number of 
approximate coincidences was to be expected in advance on 
account of the extraordinary abundance of lines in these spectra, 
even if on account of the high accuracy of Kayser’s measures 
the comparisons are limited to those cases in which the differ- 
ence of wave-lengths does not exceed 0.05. This limitation 
appears fully justifiable, since in general Kayser’s wave-lengths 
should be accurate to 0.01 and mine to 0.02 tenth-meters. I 
have collected the lines found to be of nearly the same wave- 
lengths in this comparison with the observations of Kayser, in 
the following table, in which I have reduced to my scale as well 
as I could his estimates of intensity, which range from 0 to 10: 


Mo | Probably belongs 
A 2 | to 
3818.83 3 18.83 2— Pt 
3900.87 2.35 00.87 I Ft 
4081.63 I— 81.62 3 | Vo 
Pt 4201.37 I+ 01.35 1+ ? 
4269.41 I+ 69.44 Mo 
5306.49 iI-— 06.49 I ? 
4170.00 3 | 70.01 2— Pd 
4344.8 44.88 5.2 ? 
4443.19 2 43-23 2 
Pd 4458.79 2.2 58.84 1+ 
4632.77 I 32.75 i+ ? 
5117.16 I.2 17.18 4+ Pd 
5619.67 2— 19.63 5.6 Pd 
5739.88 I 39.92 2.3 Pd 
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A z A 
3463.75 63.78 
3480.2 80.26 
3482.50 I-+- $2.55 
3514.91 [= 14.93 
3640.79 2.3 40.76 
3080.74 I— 86.72 
3702. 37 I+ 02.33 
3716.32 2— 16.27 
3722.46 I— 22.50 
3730.75 30-75 
3733-19 I+ 33-22 
3742-44 3 2.45 
3744-55 1+ 44.55 
3764.18 I— 64.20 
3765.94 I— 65.92 
3782.89 I— 82.86 
3831.95 2.3 31.95 
3911.28 11.24 
3921.06 3.3 21.09 

Ru 3924.78 I+ 24.78 
3939.27 39.30 
4021.15 2— 21.19 
4032.65 I— 32.65 
4200.07 4+ 00.02 
4207.80 I+ 07.75 
4245.00 2.3 44.96 
4287.21 2.3 87.26 
4293.44 2.3 93-42 
4332.65 I+ 32.68 
4362.87 I— 2.87 
4396.87 I— 96.83 
4490.40 I+ 90. 37 
4617.83 I— 17.82 
4533.10 I+ 33-13 
5062.81 I— 62.76 
5427.81 2.3 27.80 
5694.63 i+ 94.64 
5730.12 i+ 30.17 
5771.35 ‘+ 71.33 
3468.75 I+ 68.70 
3476.18 I— 76.15 
3628.84 3 28.80 
3641.04 I— 41.08 
3661.87 3 61.91 
3747-35 2.3 47 

lr 3768.82 I+ 68.78 
3800.24 I+ 00.28 
3817.38 17 . 37 
4070.07 2.3 70.05 
4200.03 1+ 00.02 
4268.25 68.25 
5364.51 64.50 


317 


Probably belongs 
to 


Ru 
M. 
? 


Ru 

? 
Ru 

? 

Mo, Ru 

? 

? 
Mo 

? 


Mo 
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Mo | Probably belongs 
3490.46 I+ 90.42 I ? 
3081.70 I+ $1.69 <a ? 
4003.65 1+ 03.62 i+ 
4124.76 i—— | 24.72 2 Mo 
4201.54 — 01.50 1.2 Mo 
Os 4233.63 I— 33.68 2 Mo 
4252.72 I- — 52.69 1+- Mo 
4294.10 I+ 94.07 3 Mo 
4296. 3% I- — 96.35 Mo 
4335.91 2 38.90 2— ? 
46g2.22 I 92.19 ? 
| 
3469.35 I—- — 69.39 2 Mo 
3469.77 3 69.80 I Rh 
3612.62 3 12.62 Rh 
3639.68 3-4 39.7 I+ Rh 
3651.52 1+ 51.48 2 ? 
3713-59 | 13.64 2— 
3755.21 I— 2 Mo 
3765.23 3 | 65.21 I+ Rh 
3775.86 I+ | 75.82 ? 
Rh 3812.60 I+ 12.63 2 ? 
3934-3 2.3 | 34-41 ss 4 Rh 
3959.01 3 59.03 I Rh 
4081.96 1+ | 81.94 2— ? 
4423.83 I— | 23-79 3.3 Mo 
4506.82 I— 06.86 2 Mo 
4558.90 3.3 58.92 Rh 
4569.18 69.21 I+ Rh 
4608.29 I-+ 32 I ? 
5090.80 3 90.80 I kh 
5292.28 2.3 2.30 Rh 
5497.20 I— — 97.18 1.2 Mo 
5544.80 44.7 2.3 Rh, Mo 


It appears hardly to be doubted from the large number of 
nearly coincident lines that on the one hand several of the 
faintest molybdenum lines of my catalogue are to be attributed 
to impurities cf one or the other of the plantinum metals, while 
on the other hand several faint molybdenum lines occur in the 
spectra of the latter. On the assumption that the wave-lengths 
are actually identical, the origin of the lines can be given on the 
basis of the intensities with a pretty large degree of probability 
in about half the cases; but in the remaining cases where this 
basis of discrimination fails on account of nearly equal intensity 
there arises the possibility or indeed probability of contamina- 
tion by a third metal. We see from the last column which 
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gives the probable origin of the lines according to this principle 
that of the molybdenum lines there are probably two due to 
platinum, four to palladium, five to ruthenium and ten to rhodium ; 
while there should be ascribed to molybdenum from platinum 
two, from ruthenium five, from rhodium five, from osmium five,and 
from indium two lines; and that finally in eight cases the lines 
may be simultaneously ascribed to two metals. All this, how- 
ever, assumes an absolute coincidence. Since the decision of 
this question cannot be reached with entire rigor with the means 
at present at my disposal, in view of the exceedingly small 
quantities involved, I have preferred to provisionally retain the 
lines in my catalogue, in the possibility of investigating these 
details more accurately at some future time. 


[Zo be concluded.| 
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THE SOLAR ATMOSPHERE 
By ARTHUR SCHUSTER. 

THE radiation received from different portions of the solar 
disk is known to diminish from the center toward the limb in a 
manner which is generally considered not to be consistent with 
the assumption of a uniformly absorbing solar atmosphere. 
The measurements recently published by Mr. Frank W. Very? 
allow us to examine this question in a more satisfactory manner 
than has hitherto been possible, and such examination leads to 
the conclusion that the difficulty which has been felt in explain- 
ing the law of variation of intensity across the Sun’s disk, is 
easily removed. It is only necessary to place the absorbing 
layer sufficiently near the photosphere and to take account of the 
radiation which this layer, owing to its high temperature, must 
itself emit. 

I introduce the following notation : 


7 = Intensity of the radiation, which is incident on the absorbing shell. 
F = The radiation of a perfectly black body which is at the temperature of 
the shell. 
A = the radiation leaving the absorbing layer in the direction of the Earth. 
¢= the length of path within the absorbing layer of rays which have traversed 
this layer. 
¢, = the thickness of the absorbing layer, 7. e¢. the minimum value of 4. 
& =a constant on which the absorption depends, which may be different for 
different wave-lengths. 
y= the perpendicular distance between any point on the Sun and the line 
drawn from the Sun’s center towards the observer stationed on the Earth. 
a =the Sun’s radius. 
Also for convenience of printing, write: 
a 
The differential equation giving the law of variation of A 
with the distance /is: 
dA 
at 


1 ASTROPHYSICAL JOURNAL, 16, 73, 1902. 


-=—k(A—F), 
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and its appropriate solution is: 


A = 4+ F(1 — e-**) , 
where 
If 4 is small compared to a, 
and the equation for the radiation may now be written: 


A+(U/—F)24+F. 


The three unknown quantities 7, F, and z may be determined if 
the radiation is measured at three points of the solar disk. Let 
A,, A,, A, be these measured radiations and o,, o,, 0, the corres- 
ponding values of a. By elimination of / and ¥ we obtain: 
(A, — A,) (2%-* — = (A, — A,) — 2-1) 

This determines z, which must be formed numerically by means 
of a series of systematic trials and interpolations. When 2 is 
determined /and Fare calculated by the equations 


_ 8%) — 4,01 — 8%) 


v4 
3% — g% 
A, 2% 2% 
4490 é ) 
~ ~ 


If A, refers to the observation at the Sun’s disk, it may be put 
equal to one, as in Mr. Very’s observations, and / and / will then 
be referred to the same unit, which, however, it must be remem- 
bered will be different for different wave-lengths. 

The solution of the equations may also be graphically carried 
out as follows: 

For a particular value of ¢ draw a family of curves satisfying 


the equation: 


y being the ordinate, += \ the abscissa and ¢ a para- 


meter which is varied step by step. A number of such families 
are drawn for different values of z. That curve is then chosen 
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which most nearly coincides with the curve of observed radia- 
tion, a displacement of the curve up and down being allowable. 
The amount of displacement necessary to bring the curves into 
coincidence will measure /, because y will for coincidence be 
equal to A — F. F being known, J will be determined from the 
corresponding relation c = /— F. 

For convenience of reference I give in Table I Mr. Very’s 
observations, on which the subsequent calculations are based. 
The wave-length for which the radiation is measured is denoted 
by Xand given in centimeters. 


TABLE I. 
y=0 | y=o5 y= 0.75 = 0.95 
| | 

6.0 X 10— Rad. taken as one| 0.959 0.950 0.856 
10.1 wg 0.943 0.894 0.765 
7.81 Pe 0.941 0.885 | 0.749 
6.15 fe | 0.948 0.845 0.681 
5-50 ts 0.933 0.831 0.587 
4.68 6 0.902 0.764 0.462 
4.16 si 0.858 0.744 0.471 
c= I 1.155 1.512 3.202 


By combining the observed values for y= 0; y= 0.75 and 
y = 0.951 have calculated z, /,and F for different wave-lengths; 
the results are given in Table II. 


TABLE II. 


| 
| | 
15.0 X 10-5 0.581 1.15 0.793 0.36 
10.1 0.366 1.46 0.736 0.72 
7.81 0.355 1.51 0.720 0.79 
6.15 0.312 1.76 0.654 1.11 
5.50 0.442 1.62 0.505 1.12 
4.68 0.360 2.07 0.399 1.67 
4.16 0.315 a4 0.426 1.82 


To obtain an idea of the accuracy with which the formula 


satishes the observations, | have calculated with the values of 
Table II, the radiation for the position defined by y=o.5 ; the 
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observations at these points not having been made use of in the 
computation of the constants. The comparison is given in 
Table III. 


TABLE III. 
10° A == 15.0 10,1 7.81 6.15 5.50 4.68 4.16 
| 
Calculated radiation re 0.983 0.962 0.958 0.943 | 0.941 | 0.912 | 0.906 
| 0.933 | 


Observed radiation ..... 0.959 0.943 0.941 0.948 0.902 | 0.858 


The observed radiations seem to be generally smaller than 
the calculated ones, but the difference probably falls within the 
errors of observations. The five individual measurements which 
Mr. Very in his paper gives for one set of observations range 
from 0.908 to 0.959 (a difference of 5 per cent.) while, with the 
exception of the number for the shortest wave-length, when the 
measurements are admittedly doubtful, the difference between 
the calculated and observed radiations exceeds 2 per cent. in 
only one case. 

The coefficient of absorption depends on the quantity of 2, 
which is the fraction of the incident light passing normally 
through the absorbing layer. Table II shows no decisive indica- 
tion that this quantity varies in a regular manner with the wave- 
length. No doubt the coefficient of absorption seems decidedly 
less for the longest wave-length, but a reference to Table I will 
show that the whole variation of intensity for this wave-length 
is so small that the coefficient of absorption calculated from it is 
very uncertain. Our equations show that constancy of radiation 
for different distances from the Sun’s limb may be due either 
to smallness of the coefficient of absorption, in which case the 
radiation is everywhere equal to /, or to its greatness in which 
case the radiation is everywhere equal to /, or finally to the 
near equality of and /. Table II shows that the difference 
between / and F diminishes considerably with increasing wave- 
lengths, and hence the coefficient of absorption has compara- 
tively little influence on the results for the longest waves. 

To confirm this, I have calculated the radiations transmitted 
for X=15.0 X 107°, assuming a coefficient of absorption equal 
to its average value for the other wave-lengths, z.¢., ¢ = 0.358. 
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The observations in that case may best be satisfied by taking 
f =1.249, F=0.847. The observed and calculated values now 
compare as follows : 


y=0-5 y=0.95 
Calculated radiation................. 0.970 0.932 0.862 
Observed radiation ................-. 0.959 0.950 0.856 


The disagreement of the numbers is not sufficient to allow us 
to state definitely that the coefficient of absorption has not the 
assumed value. That the absorption should be exactly the same 
for all wave-lengths is very unlikely, but the data we possess at 
present do not allow us to draw any conclusion as to the manner 
in which it varies. 

I have confirmed in another manner that the available obser- 
vations are not inconsistent with a constant coefficient of 
absorption. Assuming the constancy, the variation of the total 
radiation at different points of the Sun’s disk should follow the 
same law as that of the separate portions of the spectrum. But 
the total radiation has been measured by Langley, and by Messrs. 
W. E. Wilson and Rambaut,’ and the measurements being more 
easily made are probably more accurate than those of Mr. Very. 
Taking Mr. Wilson’s observations and selecting again the same 
parts of the Sun’s disk to determine the constants, 7. ¢., y= 1, 
y=0.75, and y=0.95,I1 find that with 7/= 1.486, F=0.579, 
z=0.465, the numbers given in Table IV are obtained. 


tProceedings Royal Trish Academy, 2, No. 2, 1892. 


TABLE IV. 


Y 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I 


| | 
Obser’d. rad .| 0.999 0,996 9.988 0.973 0.953 0.925 | 0.887 0,829 0.749 0.451 
Calcul’d rad .| 0.999 0.994 0.985 0.973 | 9.954 0.927. | 0,890 0.832 | 0.736 | 0.579 


With the exception of the radiation at the edge of the Sun 
which must be doubtful, the agreement is very close. 

I return to the discussion of Table II. The justification of 
the view, that the radiation of the absorbing layer accounts for 
the discrepancy which has hitherto been found to exist between 
theory and observation, must be sought not so much in the 
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general agreement of the facts which is now arrived at (because 
our formula, having an additional constant to dispose of, can 
naturally be made to fit the facts better) as in the consistent 
fashion in which the calculated values of F give us numbers, 
such as we have a@ priori reason toexpect. The quantity /is the 
radiation of a black body at the temperature of the absorbing 
layer. The curve of # drawn with the wave-length as abscissa 
should, if our supposition is correct, show a maximum, which, 
when compared to the radiation / of the photosphere, is displaced 
toward the red, and the highest ordinate should be less than 
the highest ordinate of 7. To show that this is exactly what 
calculation gives us, I have made use of Professor Langley’s 
observations, which give the observed intensity A, at the center 
of the disk for different wave-lengths. In the previous tables 
the value of A, was taken to be equal to I for each wave-length, 
and the values of / and F were therefore referred to a unit which 
changed with the wave-length. The second column in Table 
V gives the intensities of radiation for the wave-lengths given 
in the first column. The highest ordinate of the intensity curve 
is now taken to be the unit. 


TABLE V. 

105 XA A° 
12 0.260 0.325 0.208 
11 0.274 0.3560 0.214 
10 0.293 0.390 0.2206 
9 0.390 0.540 0.292 
3 0.581 0.994 0.421 
7 0.846 1.286 0.584 
6 0.975 1.65% 0.604 
5 0.837 1.660 0.418 
4 0.302 0.695 0.0gI 


The third and fourth columns give the radiation (/) of photo- 
sphere before it traverses the absorbing Jayer and the radiation 
(F) of a black body at the temperature of the absorbing layer. 

The numbers given in Table V are plotted in the figure, and 
show clearly that the radiation of the absorbing layer belongs to 
a lower temperature than that of the rays traversing it. The 
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maximum of the curve of J lies at about X= 5.4 X 1075 that of 
the curve of Fat6.4 X 1075. The ratio of these two numbers, or 
0.84, should give the ratio of the absolute temperature of the 
absorbing layer to that of the original radiation. If we take 
the photosphere to be at a temperature of 10000°, this would 
give the temperature of the 


absorbing layer about 1500° 


NI lower. We may get another 
x estimate of the ratio of the 
: same temperatures by taking 
, \ the ratio of the fourth roots of 


the two maxima of radiation. 


This ratio is 0.73, which would 
give a lower temperature of the 


N 
/ ‘ete absorbing layer. But all these 


———}_ calculations ought to be cor- 


rected for the absorption in our 


4 6 8 10 12 
atmosphere, and I am perhaps 


trying to draw conclusions which the accuracy of the measure- 
ments do not as yet warrant. Sufficient has been said to show 
that important results may be expected, if Mr. Very’s measure- 
ments are repeated and if a greater accuracy is obtained. 

There is no reason to look for a different region in the Sun’s 
surroundings for the cause of the observed diminution of radi- 
ation, than that which gives the Fraunhofer lines. The simplest 
supposition to make at present, and one consistent with our 
knowledge of spectra, is that the layer which gives the line 
absorption, absorbs also to some extent all wave-lengths extend- 
ing from infra-red to violet, the diminution in the observed 
intensity of the solar radiation towards the edges of the disk 
would then simply be due to this absorption. 

The principles which have been developed in this communi- 
cation may find a wider application. Some observers have 
apparently been puzzled by the fact, that the radiation of the 
umbra of Sun-spots does not diminish as it nears the edge of the 
Sun in the same way as that of the luminous disk itself, but on 


the contrary remains nearly constant. Our tables show that in 
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the case of the solar disk only about half the radiation comes 
from the photosphere, the rest is made up by the radiation of the 
absorbing layer itself. If that absorption either by increased 
density or by greater thickness is increased four or five times, 
practically the whole of the radiation would come from the 
absorbing layer, and would be nearly constant for different 
portions of the solar disk. To see that this is the case it is only 
necessary to take the equation, 
A=(1—F)e*"+F, 


and to substitute for e~“’ a value five times smaller than that given 
in Table Il, or about 0.07. The whole radiation would then, 
even at the center, be sensibly equal to /. 
MANCHESTER, ENGLAND, 
November 19, 1902. 
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ON THE PROLONGATION OF SPECTRAL LINES. 
By THEODORE LYMAN, 


INVESTIGATORS who have worked with concave diffraction 
gratings cannot have failed to observe the faint but sharp pro- 
longations of strong lines which occur in the spectra produced 
by these instruments. 

The cause of the difference in length of certain lines when a 
prism spectroscope is used is well known. Sir Norman Lockyer 
long ago made use of the phenomenon of “long and short lines”’ 
in his study of the chemistry of the Sun. He pointed out that 
when the vertical slit of the collimator is illuminated by the 
image of a light source formed by a lens, some of the lines in 
the resulting spectrum are longer than others. This of course 
arises from the fact that the portion of the source which illumi- 
nates the center of the slit possesses some vibration frequencies 
which are wanting inthose portions which come to focus at the 
top and bottom of the slit. _When a concave grating is used, the 
astigmatism renders this phenomenon less striking. 

The prolongations of strong lines which are referred to above 
present a different appearance, however, from those obtained 
with a prism spectroscope. They are, in fact, due to a different 
cause. As the author had never seen any explanation of the 
matter, it seemed that an investigation on the subject might 
prove of interest. 

In making some adjustment of a concave grating of twenty- 
one feet radius the principal image of the slit came into view. 
It was at once noticed that this image was prolonged into two 
narrow streamers, one vertical and the other horizontal, each 
quite distinct and sharp. This suggested that the vertical con- 
tinuation of the slit image and the vertical continuation of 
strong spectral lines were due to the same cause. Observa- 
tions were accordingly made upon the principal image of 
the source. In order, however, to simplify the diffraction 
328 
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phenomena as much as possible a circular opening of about 
0.01cm diameter was substituted for the slit. In order to 
reduce spherical aberration toa minimum the light fell upon the 
grating at nearly normal incidence. In the final observations 
the polished surface was always covered. The first photograph 
was taken with the grating in its normal position and with all 
the ruled surface exposed. The result is an image of the pin 
hole accompanied by two sharp streamers, one vertical the other 
horizontal. The horizontal streanier is the longer and stronger 
of the two. The effect is shown in Plate XVI, Fig. 1. 

If the ruled surface of the grating be protected by a screen 
having a rectangular aperture whose diagonal is less than the 
breadth of the ruled surface, the orientation of this aperture 
throws light upon the nature of the phenomenon. When the 
longest side of the opening is parallel to the longest side of the 
ruled surface, the image of the point source presents exactly the 
same appearance as when the whole grating surface is exposed, 
When, however, the aperture is set askew so that its sides make 
angles of 45° with the sides of the ruled surface, the effect on 
the image is striking. The result is shown in Fig. 2. The ver- 
tical streamer has revolved through 45° and the horizontal 
streamer has been broken into two parts. One of these parts 


has turned through 45° while the other and longer part has 
remained fixed. The streamers which accompany the image 
seem then to consist of two components, one a cross which turns 
as the sides which bound the ruled surface turned, the other a 
horizontal line or streamer which remains stationary. The idea 
that the movable cross is due to diffraction through a rectangu- 
lar opening at once suggests itself. This theory may be further 
tested by covering the grating surface by a screen with a cir- 
cular hole. The image of the source so obtained showed no 
vertical streamer, the horizontal line was still present though 
less intense. ‘This result indicates that the explanation of the 
origin of the movable cross is the correct one. 

When the point source was replaced by a slit the effects were 
of an exactly similar character. 
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It is easy to apply the results of these experiments to the 
vertical continuation of strong spectral lines. In order to 
demonstrate that the vertical streamers are due to the rectangu- 
lar shape of the ruled surface, we have only to cover the surface 
with a screen whose rectangular aperture is set askew with 
respect to the direction of the lines of the grating. We obtain 
the effect shown in Fig. 3. Here the continuations of the strong 
lines have turned and broadened, though the lines themselves 
remain straight and sharp. The diffraction pattern from the 
rectangular grating aperture is no longer a cross with sharp 
vertical and horizontal arms. The cross has turned, and, since 
the aperture is no longer symmetrical with respect to the slit, 
the arms have broadened. 

The horizontal band which does not turn as the aperture is 
rotated may be due to either of two causes or to a combina- 
tion of them. The subordinate or secondary maxima which 
accompany every line in the spectrum furnish the first reason, 
irregularities in the grating ruling furnish the second. The 
author has shown that these irregularities may not only furnish 
a background, but, under favorable circumstances, may even 
produce sharp reproductions of real lines. The background or 
nearly continuous band can be noticed with almost every grat- 
ing and can be best observed in that portion of the extreme 
ultra-violet where no real lines are obtained. Its intensity varies 
greatly with different gratings. In investigations where long 
exposures are necessary it often proves very inconvenient, for 
faint real lines are much obscured by its presence. 

In many cases the horizontal band due to diffraction through 
a rectangular opening is much stronger and more troublesome 
than the band due to irregular ruling. In 
this case there is a remedy at hand. The 


ends of the ruled space may be covered 
with slanting pieces of black paper and the 


rectangular ruled space thus converted into 
a parallelogram. The effect of this arrangement is to revolve 
the horizontal streamer due to the shape of the opening, the 


= 
| 
| 
| 
y 
| 
. 
4 
| 
f 
i 
| 
‘ 


PROLONGATION OF SPECTRAL LINES 331 


vertical streamer remaining fixed, with the result that the back- 
ground of the spectrum is very materially cleared. The author 
can recommend this device to all those who investigate faint 
spectral lines, and to whom a clear field is a necessity. 


JEFFERSON PHYSICAL LABORATORY, 
Harvard University, November 1902. 
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MiInoR CONTRIBUTIONS AND NOTES. 


ON THE NUMBER OF STARS UPON A PHOTO- 
GRAPHIC PLATE‘. 

SiNCE the foci for oblique rays if an objective can never lie in the 
same plane with axial focus, it must always happen that a part of the 
stars must form extra-focal images on a plane photographic plate. 
Only at that point where the plane of the plate cuts the geometrical 
position of the foci, will the image be focal, sharpest, and most intense ; 
which will be the case, therefore, at the intersection of the plane of the 
plate with the focal surface. ‘The greatest number of stars is, therefore, 
to be expected on the general average in this intersection curve, since 
the faintest stars are lost by defective focusing within it and without it. 
If the objective is not corrected for curvature of focal surface, the 
focal surface is a sphere with its center at the objective. If the plate 
is also perpendicular to the optical axis and pushed inside the axial 
focus, and if the center of the plate also coincides with the optical axis, 
the intersection curve will be a circle (focal circle), and the average 
number of stars will be solely a function of the distance from the center 
of the plate. If the plate is pushed along the optical axis, either 
inwards or outwards, the focal circle decreases or increases, and the 
number of stars varies accordingly. At what position of the plate shall 
we now obtain the greatest number of stars? This question may be 
solved or certain very general premises without knowledge of the com- 
plicated relations between light power and focusing as follows: 

If we denote by 8 the distance of any element of the plate from the 
focal sphere, we may assume that the optical effects depend only upon 
this 8, indifferently whether the element lies at a distance inside or 
outside the focal sphere, so long as the distances involved are small in 
comparison to the focal length. ‘The number of stars on a plate can 
therefore be considered solely as a function of 8, which is related to the 
focal length f of the objective, and to the radius ~ of the focal circle, 
in the manner shown by the following simple geometrical considera- 
tions: 


t Translated from a communicationtothe A. Akademie in Wien, Session of October 
16, 1902, furnished by the author. 


j 
| 
i 
| 
| 
| 
| 
332 
| 
! 
* 


MINOR CONTRIBUTIONS AND NOTES 333 


Outside the focal circle: 
I 
, 
af * 
Inside the focal circle: 
I 
= — (7 
of ( ) 

This formula is sufficiently accurate up to a field of view of 4°. 
The number of stars is, therefore, an unknown function of 8 or F 
(7*— 72). Hence the number of stars outside the focal circle becomes 

R 
A,=2r F(r?—r) , 


and inside the focal circle 


where ® is again an unknown function, and & is the distance from the 
center to the edge of the plate. The total number of stars is now 


A= A,+A4,= (r2) — 26 (0) 
We see from the differential quotient 


and from the obvious properties of the F- and ®- functions that the 
number of stars is a maximum for the value A’ = 273 or A°’x = 2r?r. 
We therefore obtain the greatest number of stars on a plate if we make 
the contents of the focal circle just half as great as the contents of 
the circular field of view to be photographed. 
It follows from this rule that we must push in the plate from the 

axial focus by the amount 

R? L2 

of 16f 
where Z is the length of side of the square plate and / is the focal 
length. If we take Z= 165mm and f= 3400 mm for the Potsdam 
photographic refractor, the plate should be pushed in 0.47 mm in 
order to obtain the greatest possible number of stars. Wesee from the 
Potsdam plates for the Carte ce/este that it was pushed in only 0.13 mm, 
whereby there has ensued on every plate an unnecessary loss, which 
may be estimated at least as 6 per cent. in the number of stars. 


EGON VON OPPOLZER. 
INNSBRUCK, 


October 25, 1902. 
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REMARKS ON BIGELOW’S “ECLIPSE METEOROLOGY.” 


In the fourth chapter of his recently published work, Professor 
Bigelow also enters upon a discussion of the theory of Sun-spots for 
which I am sponsor. He does not appear to be quite favorably inclined 
to my theory, although I should not have expected that on the part of 
a meteorologist. There are two remarks in particular which force me 
to a reply. 

1. In the section entitled “‘ Remarks on the Computations by von 
Oppolzer and Fenyi,” on p. 83, Mr. Bigelow writes: ‘‘ Von Oppolzer, 
in his computation of the solar vertical temperature-gradient, uses 


n= 27.6, (R—1):R=1: 3.5615, R= 420.552, and finds = 18°96 C. 


per 1000 m, which is 1463.4 times as large as my value (0° 0129562 C.) 
given above. The difference comes from neglecting to evaluate the 
full value of # in the temperature and the gravity terms. For 1” are 
this gives a range of temperature 13667° C., which is an impossible 
result, and renders invalid the accompanying discussion.” It is evi- 
dently clear that the discrepancy between his result and mine cannot 
be explained by any error of neglect, but only by one of principle. 
This result refers to the adiabatic decrease in temperature on the Sun, 
and by no means to the true decrease, as Mr. Bigelow seems to think, 
for this is at present unknown. The error is made by himself, and my 
computation is correct, and also my omissions are permissible. Mr. 
Bigelow believes simply that it is sufficient to be able to introduce in 
the formula for the terrestrial height of the barometer, 
B K RT 

the solar temperature 7535° C. in place of the temperature of the 
ground 7, if there were air upon the Sun. He overlooks the fact that 
the barometric constant A, which is the height of the homogenous 
atmosphere, is inversely proportional to the surface gravity of the 
Sun. It is, however, instantly to be seen that with a greater force of 
gravity the height of the homogeneous atmosphere must under other- 
wise equal conditions become lower, and that the decrease in pressure 
must take place much more quickly, for if gravity is very slight the 
atmosphere will be high. Inasmuch as the surface gravity is 27.6 
times greater on the Sun than on the Earth, our atmosphere would 
have on the Sun a homogeneous height of only 8000 m: 27.6 =2g90m. 
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According to Mr. Bigelow it would be of the same height, 8000 m. 
Such fundamental errors occur further in his formule. He believes 
that the adiabatic decrease in pressure can be obtained simply by 


introducing in the correction factor of the decrease of temperature of 
the ordinary barometric formula the adiabatic value, and then extends 
his computation up to the desired altitudes. He does not seem to be 
aware that the law of pressure can be obtained by a rigorous analytic 
process if the law of temperature is given. Thus on p. 83 he gives 
the integration of the equation 

dp n Do 


— 
, as log) rr! 


where w is a function of the temperature, and hence of 4. Other 
remarkable statements are also found. If he means on p. 82 that the 
/arge barometer constant of 7296570m which he incorrectly deduces 
for the Sun, has as a consequence a “‘rapid”’ decrease in pressure, then 
he is in error, for in this case it would be very slight. The smaller the 
constant, the more rapid is the decrease in pressure. I trust that these 
remarks will be sufficient to estimate the value of the considerations 
in this chapter, whereby, of course, I do not wish to extend my judg- 
ment to the remaining and surely valuable sections. Of course the 
tables for the decrease of pressure and temperature on the Sun are 
incorrect and valueless. 

2. On p. 69 Mr. Bigelow writes with reference to my theory: “‘We 
cannot assume that the surface of the Sun would, like the Earth, appear 
dark if seen through a rift in the photosphere, and there is nothing to 
be gained on clearing the solar sky by descending currents.” This 
also cannot apply in any way to my theory, since I expressly remarked 
that the upper layers of the photosphere are transparent, and partially 
protect the radiation of the lower layers. It would be a very unnat- 


ural assumption to regard the radiation as coming solely from the 


geometrical surface. An extreme reversal of temperature prevails over 
the nucleus of the Sun-spot, the existence of which I have doubtless 
sufficiently proven. Hence there lies over the nucleus an abnormally 
hot stratum which vaporizes the upper photospheric strata, consisting 
of the products of condensation (clouds), dissolves it, and hence pro- 
duces clearness. Adove the nucleus of a spot there must therefore prevail 
a considerably less extinction than above the normal photosphere. This 
also is shown in a convincing way by Wilson’s measurements of the 
radiation of Sun-spots (Proc. R. S., 55, 248). After Langley had called 
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attention to the phenomenon, Wilson showed with a perfect chain ot 
evidence that the radiation of a Sun-spot is less when it is at the Sun’s 
limb than when it is at the center of the disk, on account of the absorp- 
tion in the solar atmosphere, but that this decrease is s/ower toward 
the limb than over the normal photosphere. In connection with the 
fact that the level of the spot is depressed, this clearly shows that a 
less extinction or a greater clearness of the solar atmosphere prevails 
over the nucleus. If it was absolutely clear above the nucleus the 
radiation of a spot would be found to be the same at the center and at 
the edge of the disk. Wilson’s observation, therefore, shows that there 
are still certain effects of cloudiness (extinctions) present over the 
spots. 

These last considerations may serve to further support my anti- 
cyclonic theory of Sun-spots, and at the same time to allay the appar- 
ent difficulty arising from Wilson’s observation on the one hand, and 
the depression of the level of the Sun-spots on the other, which has led 
several observers (Frost, Hale, ASTROPHYSICAL JOURNAL, 4, 196; 6, 


366) to somewhat far-fetched explanations. 
EGON VON OPPOLZER. 


INNSBRUCK, 
September 25, 1902. 


MISCELLANEOUS RESULTS, NO. 1." 


THE circulars hitherto published have subserved their purpose in 
furnishing a more prompt publication of results than would be secured 
by waiting for the issue of the volume of Annals which would contain 
them. Much material has, however, accumulated which might fill 
several circulars. To avoid the consequent delay, some of the results 
are given below in a briefer form. 


VISIBILITY OF ZROS. 


A letter lately received from Professor Bailey states that Aros was 
photographed with the Bruce Telescope on July 8, 1902. ‘The tele- 
scope was made to follow a star by means of an eyepiece adjoining 
the plate, while a motion was given to the latter equal to the computed 
motion of ros. The stars accordingly leave trails having a direction 
and length corresponding to the motion of Zyros, while the planet 
appears as a minute dot, the entire light being concentrated for the 
whole time of exposure upon a few silver particles. A second photo- 
graph confirmed this observation. So far as known, the first visual 
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observation of ros, since its recent conjunction with the Sun, was 
obtained by Professor H. A. Howe at the Denver Observatory on 
August 2, 1902, as announced in the Harvard Bulletin of August 5, 
1902. It will be remembered that the first photograph of ros after 
its conjunction in 1899 was also obtained with the Bruce telescope on 
April 28, 1g00, by the method described above. It was first seen on 
June 6, 1900, at the Denver Observatory, and later at the Arcetri 
Observatory on June 30, 1900. In like manner, it was followed after 
the opposition of 1900, until March 12, rgor, at Arcetri, until June 17, 
1g01 at Denver, and until September 9g, 1901, at Arequipa, with the 
Bruce telescope. 


WILLIAMS’ NEW ALGOL VARIABLE, 13.1902. 


In order to identify the A/go/ variable, 13.1902, recently announced 
by Mr. A. S. Williams (A. 4., 159, 309), its position was marked on 
several of the Draper Memorial photographs. On one of these, taken 
1893, July 11° 18" 20", G. M. T., the star appeared fainter than normal. 
On Mr. Williams’ scale its magnitude was about 11.3, or a little nearer 
in brightness to his star @, than to his star 6. It is also very nearly 
equal in brightness to the star which follows the variable about 45°, 
north 6/8. This would indicate that the time of minimum preceded 
or followed the time of taking the photograph by about three hours, 
assuming the light curve described by Mr. Williams. The formula he 
gives indicates for = —g18, a time of minimum J. D. 2,412,656.720 
= 1893, July 11° 17" 17”, G. M. T., omitting his last three decimal 
places which appear to be indeterminate. 

This photograph, therefore, gives a correction to the ephemeris of 
+4" or —2". An examination of the other plates of this region 
would distinguish between these two values, and determine the correct 
one with much greater accuracy. Probably we have at least one hun- 
dred photographs of this region, although the star may be too faint to 
appear on a portion of them. On one-tenth of the photographs the 
star should be below its normal brightness. A precise correction to 
the ephemeris can be found from each of these, if not too near maxi- 
mum or minimum, when the photographic light curve has been found, 
as can now be readily done. Unfortunately, the pressure of other 
work will probably prevent the continuation of this research at present. 
As it is, the observation given above lengthens the period of observa- 
tion from less than ten months to about nine years, and increases the 


1 Harvard College Observatory Circular No. 66. 
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accuracy with which the period can now be determined in nearly the 
same proportion. 


EARLY OBSERVATIONS OF NOVA PERSEI, NO. 2. 


As the ova is diminishing in light it becomes necessary to use 
comparison stars so faint that they are not contained in the Harvard 
Annals, Volume XLV or other photometric catalogues. A sequence 
has accordingly been selected which is given in Table I. The desig- 
nation is followed by the number, number of grades, difference in 
right ascension, and difference of declination from the ova, taken 
from Hagen’s Second Catalogue. The sixth column gives the photo- 
metric magnitude, found for the stars 4 to f from comparisons by 
Professor Wendell with star @. Constructing a curve with codérdi- 
nates taken from the second and sixth columns, we have the means of 
converting the estimates of Hagen into magnitudes on the photo- 
metric scale. The seventh column gives the residual found by sub- 
tracting the magnitude given in the sixth column from the Hagen 
magnitude thus formed. Table II gives the photometric magnitude 
corresponding to various values of Hagen’s grades. ‘The fainter mag- 
nitudes found by interpolation are somewhat uncertain. 


TABLE I. 


SEQUENCE OF COMPARISON STARS. 


Des. H. G, Aa Magn.| H.-P. [Des.| H. Gr. | Aa Aé |Magn.| H.-P. 
| )—|—|-- | — 
a 20 67 —21 +4.8 9.10 + .03 A 65 178 | +42 +4.8 | 
32 84 + 43 +8.7 9-71 +.19 | k | 66 179 + 33 4.1 | 
c | 34 72 —65 | +3.4 | 10.57 -.32 || 2 | 68 | 185 | +34 1.5 
42 +35 +0.2 | 11.03 + | 74 199 | | +1.6 
e 46 | 133 82 +6.3 | 11.94 08 mn | 77 209 | +13 | +1.0 
Tt 49 145 24 1.5 12.23 03 | o 80 | 3 0.5 
4 56 161 17 +2.4 | | 
| 


Table II furnishes the means of determining the limiting magni- 
tude below which the ova must have been before its discovery. ‘The 
last photograph taken before it was found on February 21, 1902, was 
obtained by Mr. A. S. Williams on February 20. It is reproduced in 
Knowledge, 24,152. All stars included in the region covered by the 
print, and brighter than Hagen No. 42, are shown except Nos. 29, 34, 
36, 38, and 39. ‘The absence of 39 is perhaps due to the proximity of 
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No. 28. Stars of the magnitude 10.9 are therefore shown, and we 
may, hence, infer that the Vova was below this limit on February 20. 
Several defects appear on this print which cannot be distinguished 
from stars. The next photograph preceding this was obtained at this 
Observatory, and is shown in Fig. 1 of Circular No. 57. ‘This print 
shows all stars brighter than No. 49, except No. 39. The ova must 
therefore have been fainter than the magnitude 12.0 on that date. 


TABLE II. 


RELATION OF HAGEN’S GRADES TO MAGNITUDES. 


Grades Magnitudes | Grades Magnitudes Grades | Magnitudes Grades | Magnitudes 
oO 6.56 50 8.39 | 100 | 10.59 150 || 12.42 
10 6.90 60 8.82 || 110 | 11.00 160 12.72 
20 7.25 70 9.27 || 120 | 11.39 | 170 13.00 
30 7.61 || 80 9.72 ! 130 | 11.76 | 180 13.25 
40 7.99 | go 10.16 | 140 | 12.10 | 190 13.48 


About a year ago, Father Zwack of the Georgetown College Obser- 
vatory called my attention toa faint star which appeared on one of 
our early photographs so near the position of the ova that careful 
measurements were required to determine whether the positions are 
identical or not. A measurement of several of the early plates 
gave the magnitudes of this object on October 26, December 2, 1890, 
January 20, March 11, December to, 1891, January 25, 1893, October 
11, 1894, October 17, 1897, and March 7, I1g00, as 12.95, 13.37 
<13.7, <13.4, <13-7, 14.06, 13.15, 13.46, and 13.36, respectively. 
The images of this star on the photographs taken in 1890 are some- 
what uncertain, but a comparison of the photographs taken in 1893 
and 1894 leaves little doubt of the variability of thisobject. Measure- 
ments of its position were made on the last three photographs men- 
tioned above. ‘Taking the position in which the Vova appeared as an 
origin, the values of x for this star are —1/6, + 172, and +022, 
those of y, +173, —1/0, and —o!2, respectively. These measures 
are based on the positions of the stars Nos. 20, 56, 77, 78, 79, 80, and 
81, determined micrometrically at the Lick Observatory. 

The object announced by M. S. Blajko, A. WV., 157, 193, which 
according to his measures, followed the ova 0°31, south 7”, on Janu- 
ary 30, 1899, is doubtless identical with this object. Hagen’s double 


4 
_ 
| 
| 
q 
4 
q 
= 
q 
| 
| 
| 
— 
ce 
| 
2 
q 
ii 
| 
q 


340 MINOR CONTRIBUTIONS AND NOTES 


star, No. 69, whose position is 40” distant from the Mova does not 
appear on any of these photographs, although much fainter stars are 
shown. 

We may therefore conclude that a star whose light varied from the 
thirteenth to the fourteenth magnitude was visible for several years 
within one or two seconds of arc of the ova, the difference in position 
being less than the errors of measurement. 

EDWARD C. PICKERING. 
October 31, 1902. 


COMMENT ON THE EARLY HARVARD PHOTOGRAPHS OF 
NOVA PERSE]. 

In Harvard Circular No. 66, Professor E. C. Pickering calls atten- 
tion to a small star of the thirteenth or fourteenth magnitude, close 
to the present position of Mova Perset, which appears on a number of 
plates taken between October 26, 1890, and March 7, 1900. The 
photographs show this star to have been variable, ranging in light 
from the thirteenth to the fourteenth magnitude. 

His measures of the position of the small star with respect to the 
place of the ova, on three plates, viz: 

Aa — 172, +0272 ; 
Ad + 1.3,-—1.0,—0.2 ; 
give in the mean 
Aa — 
AS ovo. 

The measures above would indicate an exact identity of this small 
star with the /Vova, as is implied in the last paragraph of the Crrcudar. 
The fact that the star was variable would further strengthen this suppo- 
sition. If we accept this, and it would appear to be almost certain, it 
would appear that the Vova formerly existed as a very small variable 
star not brighter than the thirteenth magnitude, whose variation was 
about one magnitude. 

When the ova has faded somewhat further, it will be possible to 
decide the question of identity, for the large telescopes will readily 
show if there are two stars at this place. The Vova is fading at the 
rate of about o.2 magnitude per month and is now of about the tenth 


magnitude. Hence at this rate, by the first of the year 1904 the star 
will have reached the normal magnitude it had before the great out- 
burst of light in 1901. It will probably not sink beyond the thirteenth 
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or fourteenth magnitude, when it will be interesting to see if it 
becomes variable again. 

It is possible that the ove in expiring return to their original 
condition, and that such stars as ova Cygni of 1876 existed previously 
as stars of the magnitude they now have. Vova Coronae of 1866 is the 
only one of these remarkable stars which was positively known previous 
to its outburst. In fading it went back to its original condition of 
brightness. Photographic records will in the future be of the utmost 
value in settling this question. 

Professor Pickering speaks of the star announced by M. Ceraski in 
A. N., 157, 193, as probably being the same as the small star shown on 
the Harvard photographs. This seems improbable unless we allow a 
very large error in the position assigned by M. Ceraski. His star was 
of the twelfth magnitude and was 0$31 (3/4) following and 7” south of 
the place of the Mova Perset. This would put it in Position Angle 
154:!, and Distance 7/8. I have looked for this star on a number of 
occasions since the ova has become faint but have not seen it. It 
does not appear to have been shown on the plates of this region 
measured by Professor Perrine (Z. O. Bulletin No. 23). Its possible 
identity with the Harvard star would be very interesting and can 
readily be proved if M. Ceraski will remeasure its position on the 1899 
plate with reference to any of the stars used by Aitken (Z. O. Budletin 
No. 18), or by me in the measures in A. JV., 159, 49, 1902. 

Should the small variable star shown on the Harvard photographs 
really prove to be the ova the discovery will be only another of the 
many evidences of the extremely great value of the Harvard College 
Observatory photographs, which seem to be a veritable mine of the 
richest value, the thorough working of which would lead to many 
important discoveries yet unknown but which are there faithfully 


recorded on the photographic plates. 
E. E. BARNARD. 
YERKES OBSERVATORY 
November 18, 1902. 


NOTE ON REFLECTORS FOR ECLIPSE WORK. 


DuRING the course of some investigations in which I had occasion 
to use reflected light, I observed incidentally that silver begins rapidly 
to lose its reflecting power even in the visible violet, and sinks nearly 
to zero, for normal incidence, in the region of A 3200, beyond which 
it again becomes a reflector, but only a very poor one in the rest of 
the photographic region. 
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Further investigations along this line were abandoned as soon as 
I became aware, through recent publications,’ of the excellent work of 
Hagen and Rubens on metallic reflection. But while I have nothing 
to add, beyond the fact that our results with silver reflectors, obtained 
by different methods, are in perfect agreement, I wish to direct specific 
attention to some practical uses in eclipse work, and other places where 
economy of light is important, that should be made of their obser- 
vations. 

The following table, condensed from a much longer one in the 
original paper, contains the results of most value in this connection. 


PRECENTAGE REFLECTED OF NORMALLY INCIDENT LIGHT. 


For A= 2880| 3050 3160|3260 3380 3570 3850] 4200 14500) 5000 | 5500 6000 6500 7000 
By silver (fresh) . 486.6 90.5/91.3 92.7/92.6 93.5|94.6 
By speculum metal (62.2 Cu| 
By Schréder’s alloy (66 | 
+22 Sn-+12Zn)......... 0/62. 2/62.6/62. 5/63. 4/64.2 65.1/67.2 
By 
+31 Meg). . |67.0|70.6 72.2)....|75-5 .... 82. 2/83.9/83.3/83.4/83.3 82. 7/83.0 82.1/83.3 
} 


The atmosphere, as is generally familiar, absorbs ultra-violet light 
to such an extent that but little is known of the solar spectrum beyond 
A 3000, while even the light of considerably longer wave-lengths is 
still feeble. It therefore is a matter of the utmost importance in 
photographing this part of the spectrum during a total eclipse, when 
the exposures have to be very short, to economize its light as far as 
practicable. 

In accordance with the above results I would suggest that, in 
eclipse work, spectrographs be used, if possible, without the aid of 
reflectors of any kind, andthat in those cases where, because of the type 
of spectrograph, or for any other reason, a reflector is essential, it be 
selected according to the portion of the spectrum to be studied. For 
A greater than 4000 a thick film of silver freshly deposited on glass is 
the best reflector known, while for much of the valuable ultra-violet it 
is all but worthless. However, where silver fails, Mach’s magnalium 
succeeds, and seems to be the best reflector of ultra-violet light so far 
examined. 

Evidently, therefore, when spectrographs, used in eclipse, or any 
other work, are supplied by reflected light, it would be best to use 
silver reflectors for wave-lengths greater than A 4000, and Mach’s 


* Annalen der Physik, 8, 1-21, and 432-454, 1902. 
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magnalium, unless it should give too much trouble due to tarnishing, 
for the ultra-violet. 

In those cases where much severe exposure is unavoidable, a 
Schréder reflector would probably be the best, since it is said to be 
but slightly affected by prolonged exposure to all sorts of weather, 
and besides, its coefficient of reflection, while much less than that of 
Mach’s magnalium, is still distinctly better than that of speculum metal 
in the ultra-violet, and quite its equal for longer wave-lengths. 

W. J. HUMPHREYs. 


UNIVERSITY OF VIRGINIA, 
Charlottesville, November 28, 1902. 
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NOTICE, 


The scope of the ASTROPHYSICAL JOURNAL includes all investigations of 
radiant energy, whether conducted in the observatory or in the laboratory. 
The subjects to which special attention will be given are photographic and 
visual observations of the heavenly bodies (other than those pertaining to 
“astronomy of position’’); spectroscopic, photometric, bolometric, and radio- 
metric work of all kinds; descriptions of instruments and apparatus used in 
such investigations; and theoretical papers bearing on any of these subjects. 


In the department of |/tor Contributions and Notes subjects may be dis- 
cussed which belong to other closely related fields of investigation. 

Articles written in any language will be accepted for publication, but 
unless a wish to the contrary is expressed by the author, they wili be trans- 
lated into English. Tables of wave-lengths will be printed with the short 
wave-lengths at the top, and maps of spectra with the red end on the right, 
unless the author requests that the reverse procedure be followed. 

Authors are particularly requested to uniformly employ the metric units 
of length and mass; the English equivalents may be added if desired. 

If a request is sent with the manuscrift one hundred reprint copies of 
each paper, bound in covers, will be furnished free of charge to the author. 
Additional copies may be obtained at cost price. No reprints can be sent 
unless a request for them is received before the JOURNAL goes to press. 

The editors do not hold themselves responsible for opinions expressed 
by contributors. 

The ASTROPHYSICAL JOURNAL is published monthly except in February 
and August. The annual subscription price for the United States, Canada, 
and Mexico is $4.00; for other countries in the Postal Union it is 18 shil- 
lings, 6 pence. Correspondence relating to subscriptions and advertisements 
should be addressed to 7he University of Chicago, University Press Division, 
Chicago, Ill, 

Wm. Wesley & Sons, 28 Essex St., Strand, London, are sole European 
agents, and to them all European subscriptions should be addressed. 


All papers for publication and correspondence relating to contributions 
and exchanges should be addressed to Editors of the ASTROPHYSICAL JOUR- 
NAL, Yerkes Observatory, Williams Bay, Wisconsin, U. S. A. 
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COOPERATION in Observing Radial Velocities of Selected Stars. 
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Century 


lage Christmas number of The Century Magazine is such a 
splendid, all around Holiday issue that one could take a great 
amount of space in detailing the contents,—more than you would 
read. Here, however, are 


Three Important features 
(Only three out of many) 


(1) “The Digh-ater Mark of Color Reproduction” 
HowarpD Py .e’s superb paintings, illustrating “The Travels ot 
the Soul.” This is what Mr. Pyle wrote to The Century Co. 
when he saw the proofs: 

‘*I wish to express to you my great and sincere admiration for the 
way in which you have reproduced my pictures. I had never hoped to 
have such really great results. . . . It appears to me that if you print 
the magazine at all like the proofs, you will have reached the high-water 
mark of color reproduction. Very sincerely yours, 

(Signed) HOWARD PYLE.” 
And there are other color-pictures in the number, with beautiful 
illustrations in black and white. 


(2) First Chapters of a New Story by the Author of 
“Mrs. Qliggs of the Cabbage Patch” 


For seven consecutive months one of the six most popular books 
in the United States has been “ Mrs. Wiggs,”—and with reason, 
for it is a book that does the reader good,—you go and get halt 
a dozen copies and send them to your friends. ‘“ Lovey Mary,” 
Miss Hegan’s new story, has all the charm of “ Mrs. Wiggs,” and 
that lady herself is one of the characters, It begins in this num- 
ber and will continue for four months. 


(3) H Most Enlightening Article on 
The United States Steel Corporation 


Not by way of attack or defense, but just a fair, truthful account 
of how and why this great so-called Trust was organized, and how 
it carries on its business. Written by Henry Loomis Nelson, and 
one of an important series which THE CENTURY is printing on the 


different so-called Trusts. 
These three features alone are 


enough to sell the Christmas Century. 
New Subscribers who begin their yearly subscription with this Christmas 


number will receive the November number free of charge, 
and so begin the volume and ALL THE SERIALS. Price $4.00. 


The Century Co., Union Square, New York 
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Burlington 
Route 


Dining Cars 
Service a la Carte 


UR 8,coo miles of rail- 
road reach out from 
Chicago, Peoria and 

St. Louis to all the important 

cities in the west and north- 

west such as 
ST. PAUL 
MINNEAPOLIS 
OMAHA 
KANSAS CITY 
DENVER 
If you are going to any of 
these places or to the Pacific 
coast, kindly let me send you 
time tables and other informa- 
tion about our train service. 


OSES are always on the tables, 
and delicate china, glass and 


silver add to the pleasure of a dinner 


well cooked and daintily served 


All the Season’s Delicacies 
at Very Moderate Prices 


P. S. Eustis, 
Gen’! Pass. Agt., C. B. & Q. R. R., 
CHICAGO, ILL. 


JUST PUBLISHED With 13 Plates, 165 pp., Folio, Cloth, Price, $6.25 net 


IMPORTANT worK ¢ An Atlas of Representa- 


ON ASTROPHYSICS 9 ;; 


FROM \ 4870 TO i 3300 | 


TOGETHER WITH A DISCUSSION OF THE EVOLUTIONAL ORDER OF 
THE STARS, AND THE INTERPRETATION OF THEIR SPECTRA. PRE- 
CEDED BY A SHORT HISTORY OF THE OBSERVATORY AND ITS WORK 


By Sir WILLIAM HUGGINS, K. C. B., and LADY HUGGINS 


“This sumptuous and beautifully illustrated “This magnificent Atlas . . . The combina- 
volume . . . will remain a classic in Astronomy, tion which it presents of artistic beauty and 
and is the most important contribution to the scientific value is, in our experience, unrivalled.” 
“New Astronomy” that has yet appeared.”— —Edinburgh Review. 

Atheneum. “The present magnificent work . . . must be 

“It is with the story of the wresting of their ranked as the greatest astronomical book of the 
secrets from the Stars . . . that this sumptuous present time — as one of the great astronomical 
monograph is in the main concerned.”—Daily books of all time.”— Zhe Zimes. 

Chronicle. 


Wm. Wesley & Son, Booksellers, *"sitina,*" 


LONDON, ENG. 
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AN IDEAL AROUND THE CAPITAL 
CHRISTMAS 


Useful. Reliable. Attractive. 
Various Styles of Binding. 
The New Edition has 25,000 new 
words. 2364 pages. 5000 illustrations. 
LET US SEND YOU FREE 
“A Test in Pronunciation” which 
affords a pleasant aid instructive 
evening’s entertainment. 
Illustrated pamphlet also free. 
G. & C. Merriam Co., Pubs., 
Springfield, Mass. 


“a. 


contains more facts 
and faces (all of the 
Members of Cong- 
ress and others) than 
any other book yet 
ublished. It is the 

usy man’s book, 

Although being cur- 
rent history in con- 
densed form, it is 
constructed on the 
theory that it is far 
better to laugh than 
to weep ; and the au- 
thor, realizing that 
information coming 
in a pleasant guise 
is ways lasting and 
beneficial, believes 
its mission to amuse 
= will be doubly en- 
hanced by its power 


to instruct. 


Fs For Sale by All 
Booksellers or 


2 mailed, postpaid, to 
any part of the 
world on receipt of 
Cloth, $2.00; 

alf Morocco, $3.00; 


received for ‘‘Around the Capital’’ 


Full Morocco, $5.00. 


PUB. CO., 
DEPT 6. 
78 Fifth Avenue, 
New York. 


T 

3 THE) NUTSHELL 
§ 


THE WESTON STANDARD 


Che University of Chicago Press| | Voltmeters 

Special printing facilities for academic work, 

Educational and scientific works printed in 

English, German, French, Latin, Greek, Portable 

Hebrew, and other languages. Accurate 

Bstingetes ferrets Reliable and 
She University of Chicago Press Sensitive anita 

68TH ST. ano E.us Ave... CHICAGO 
WESTON ELECTRICAL INSTRUMENT co. 


WAVERLY PARK, NEWARK, 


Cute—-Sonee Weston Electrical Instrument Co., Ritterstrasse No. 88 
ndon— Elliott Bros., No. 101 St. Martins Lane 


R. R. Donnelley & Sons Co. 


The Lakeside Press 
PRINTERS AND BINDERS 


THE PRINTING OF BOOKS DEMANDING TASTE AND CAREFUL EXECU- 
TION, PRIVATE EDITIONS, COLLEGE CATALOGUES, AND ANNUALS A 
SPECIALTY. WE PRINT MORE FINE BOOKS THAN ALL OTHER HOUSES 
WEST OF NEW YORK. OUR NEW FACTORY. XUN ENTIRELY BY ELEC- 
TRICITY, IS THE MOST ADVANCED PRINTING PLANT IN THE COUNTRY. 
THE LAKESIDE PRESS BLDG., PLYMOUTH PLACE, COR. POLK, CHICAGO. 


| Youf PRESENT 
| Sure | SN s 
You 
| USE CS 
| INTERNATIONAL DICTIONARY A 
| 


BARNES’ LATEST BOOKS 


Contains more than one hundred illustrations in 
color and black-and-white from original sketches by | Two on Their Travels 
the author. In this book we see through the eyes of a 
trained artist some of the fairest spots on the face of By 

; the globe. Includes part of the East Indies, the 

i" Philippines, Japan, pL a journey home through Mrs. Archibald R. Colquhoun 
Manchuria, and Siberia in flower-time. The book is 

full of sunshine, humor, and an artist’s delight in | 8vo. Beautifully Illustrated, $2.50 net 

the beautiful countries visited. 


This book reveals places and things unknown to H 
people of leisure, travellers, and even newspaper Hidden Manna 
correspondents. It is unique because it represents | A Romance of Morocco. By A.J. Dawson 
i Morocco the Real, the Oriental, the Esoteric. It isa Author of “* African Nights Entertainments,” 
romance with the true spirit of adventure. etc. ramo. $1.50 


An exquisite study of nature, with a touching love THE LOVE STORY OF 
story intertwined. A beautiful holiday gift. NE 
“The author has that tender, almost feminine touch with ABNER STO 

By Edwin Carlile Litsey 


his characters that marks the exquisite grace and re- 
finement of James Lane Allen.’’— Minneapolis Times. | 8vo. $1.20 net (postpaid $1.29) 


A notable characteristic of “ Home Thoughts” is that H OM E THOUGH TS 


they appealtoeveryone. They are particularly valuable 
as gift-books. “The product of keen observation, 
tender sympathy, and dexterous literary composition.” 


First and Second Series 
By ‘‘C’’ (Mrs. James Parley Cox) 
The set, 2 vols. : $2.40 net; half calf, $6.00 net 


A. S. BARNES & CO., 156 Fifth Avenue, New York 


Catalogues of ) New @ Second-hand Books 


At very LOW 
on application 


y and mailed w 


COATS OF ARMS of prominent American families 


Plain and in colors Send for list 


PAUL DuCHAILLU’S THE VIKING AGE 


Two handsome volumes 8vo, cloth, gilt, 1181 pages. 
Published by Scribner, N. Y., at $7. so (New). 

et, $2.75 

The early history, manners and customs of 

the ancestors of the English-speaking nations, 

illustrated from the antiquities discovered in 

mounds, cairns, and bogs, as well as from the 

ancient sagas and eddas, with map and 1,366 

illustrations. 


KATHERINE SCHUYLER BAXTER’S A 
GOD CHILD OF WASHINGTON; A 
PICTURE OF THE PAST 


Illustrated with 150 portraits and views, photogravures 
rare originals, 4to, cloth, gilt, 65: p 
1897. Publisher’s price $10.00 (New). t, $4.00 


Great events, fine old manor houses scltdenD 
through New York and other colonial states, as 
well as their renowned owners and their friends, 
valuable old letters and rare portraits relating 
to the Revolutionary War and the War of 1812, 
never before reproduced, go to make up the at- 
tractions of the book to the present reader and 
its value to the future historian. 


SCHARF’S HISTORY OF THE CONFED- 
ERATE STATES NAVY 
Large 8vo, cloth, 884 pages, 73 illustrations, Albany, 
1894. Price reduced from $3.50 to Net, $1.50 


From the laying of its first keel to the sinking 
of its last vessel; its struggle with the United 
States navy; the engagements in the rivers and 
harbors of the South and upon the high seas; 
blockade running; first use of ironclads, etc. 


SIR C. WYVILLE THOMPSON’S VOYAGE 


OF THE ‘‘ CHALLENGER’”’ 
Two volumes large 8vo, cloth, Published b _ Ts, 
N. Y., at $12.00 (ew). $3.00 


The Atlantic; a preliminary ae St the 
general results of the exploring voyage during 
the years 1873 and the early part of 1876; with 
many colored maps, charts and illustrations. 


SENATOR JOHN SHERMAN’S RECOL- 


LECTIONS Two volumes Bn al 8vo, cloth, gilt, 
1274 pages, Chicago, % 7 ublished price '$7. 50 
(New). Net, $2.00. is SAME in full libra 

sheep. Published at %. oo. Net, $2.50. ALSO half 
morocco, full gilt. Published at $x2.c oo. Net, $3.00 


Forty years in the House, Senate, and Cabinet. 
Illustrated with photo portraits, views, fac-sim- 
iles, letters, and with an analytical index. 


JOSEPH McDONOUGH, y* 


89 @ 41 Columbia Street, Albany, N.Y. 


Established 1870 


Olde Booke Man 


| 
| 
| 
: 
| 
i 
| 
| 
| 
| 


BOOKSELLERS 
STATIONERS 


A. C. McCLURG 
COMPANY 


Standard 
Miscellaneous 
Illustrated and 
Fine Bound 
Gift Books 
Wedding and 
Reception 
Invitations and 
Visiting Cards 
Engraved 


A.C.McCLURG@CO. 


215-221 Wabash Av., CHICAGO 


PUBLISHERS 
IMPORTERS 
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THE LIVING AGE 


Absolutely 
FREE 


A large 


OCTAVO 
VOLUME 


824 Pages 


To all NEW 
Subscribers to 
THE LIVING 
AGE for the 
year 1903 there 
will be sent 
PREE, until 
the edition 1s 
exhausted 
THIRTEEN 
WEEKLY 


AS IT ENTERS UPON ITS 


SIXTIETH YEAR AND 236TH QUARTERLY VOLUME 


still maintains the high standard of literary excellence which has 
characterized it from the beginning. It presents in an inexpensive 
form, considering its great amount of matter, with freshness, owing 
to its weekly issue, and with a satisfactory completeness equalled 
by no other publication, the best Essays, Reviews, Criticisms, Serial 
and Short Stories, Sketches of Travel and Discovery, Poetry, Scien- 
tific, Biographical, Historical, and Political Information, from the vast 
field of Foreign Periodical Literature. 

The following list includes some of the writers represented in a single year’s 

numbers of Tue Livinc AGE 

Algernon Charles Swinburne, Sir Gilbert Parker, A. T. Quiller-Couch, The Bishop of Spee, 
pa | ny Birrell, Mrs, Alice Meynell, W. B, Yeats, Andrew Lang, Katharine Tynan, Max- 
well Grav, Sidney Lee, Herbert Paul, Sir Edwin Arnold, Edmund Gosse, George Meredith, 
Fiona Macleod, Maurice Materlinck, Hilaire Belloc, Sir Wemyss Reid, John Buchan, Sir 
Rowland Blennerhassett, Eugene Melchior de Vogue, Leslie Stephen, Lord Rosebery, Paul 
Bourget, W. L. Courtney, Professor Edward Dowden, Henry Lawson, Arthur Christopher 
Benson, Max Beerbohm, Jane H, Findlater, Owen Seaman, W. E. Henley, The Hon, H. H. 
Asquith, Pierre de Coubertin, William Watson, W. S. Lilly, Maxine Gorky, G. M. Trevelyan, 
Sir Lewis Morris, John Morley, Emily Lawless, Theophile Gautier, Prince Kropotkin. 

PUBLISHED EVERY SATURDAY 


And giving about 3,300 Pages a Year of the Best Literature. Popular yet of 
Permanent Value. 


Subscription Price, $6.00 a Year. Single Number, 15 Cents 


ISSUES for the 


October, THE LIVING ACE COMPANY 


November and 
December, P. O. Box 5206 


13% BROMFIELD STREET, BOSTON 


When calling please ask to see Mr. Gran 


BOOKS 


AT LIBERAL DISCOUNT 


BEFORE BUYING BOOKS 
WRITE FOR QUOTATIONS 


An assortment of catalogues and special 
slips of Books at reduced prices 
sent for ro-cent stamp 


TO THE READER 


Please remember that whenever you need a Book, or 
any information about Books, if you will address me I 
will try to please you by attention and low prices. 


Write me of your wants, or call and inspect stock, and 
in either case I will make you special prices. 


F.E. GRANT 


23 W. 42d Street New York 
Mention this advertisement and receive a discount 


Light Waves and 
Cheir Uses 


Eight Lectures Delivered Before the 
Lowell Institute in 1899 


Illustrated by 108 Text Figures 
and 2 Colored Plates ° 


By ALBERT A. MICHELSON 


Professor and Head of the Department of Physics 
Director of Ryerson Physical Laboratory 


Issued as Volume III of the Second 
Series of the Decennial Publications of 
the University of Chicago, pp. xii-+-164, 
8vo, cloth, net, $2.00; postpaid, $2.15 


Che University of Chicago Press 


CHICAGO, ILLINOIS 
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Modern Eloquence 


‘HE publication of Modern Eloquence (ten handsome library 

volumes) is an event of premier importance. For the 
first time the best After-dinner Speeches, Lectures, Addresses, 
Anecdotes, Reminiscences, and Repartee of America’s and 
England’s most brilliant men have been selected, edited, 
arranged, by an editorial board of men— themselves eloquent 
with word and pen—who have achieved eminence in varied 
fields of activity. 

These gems of spoken thought were fugitive from lack of 
THOMAS B. REED proper preservative means until the Hon. Thomas B. Reed, 

Editor-in-Chief upon voluntarily retiring from the Speakership of the House 
of Representatives, gathered about him these men of mark and 
experience in literature, his friends and co-workers in other fields, and began the task 
of preparing this great work. North, East, South, and West, and the Mother Country as 
well, have been searched for gems in every field of eloquence. 

Here was a lecture that had wrought upon the very souls of great audiences ; there 
an after-dinner speech, which “between the lines” was freighted with the destinies of 
nations. Here was an eulogy expressing in few but virile words the love, the honor, 
and the tears of millions, and there an address pregnant with the fruits of a strenuous 
life’s work. Or, perchance, a reminiscence, keen, scintillant repartee, or a story potent 
in significance and aflame with human interest. Matter there was in abundance, for 
English-speaking peoples are eloquent, but she dest—only the great, the brilliant, the 
worthy toendure, has been the guiding rule of Mr. Reed and his colleagues. Their 
editorial labors have been immense. 

Whatever the viewpoint, this work is without precedent. It has no predecessor, no 
competitor. Speeches that have been flashed across continents, lectures that have been 
repeated over and over again to never-tiring audiences (but never published), addresses 
that have made famous the man, the time and the place—these are brought together 
for the first time, and with them a large number of the wittiest sayings of the wittiest 
men of the nineteenth century. 

For an hour—for a whole evening in the easy chair at home—for the study of 
style and diction that have electrified brilliant assemblies—for the man ambi- 
tious to become a successful or popular public speaker, and for the one who 
has to prepare a toast or an address—this work is a never-failing source of 
charm and inspiration. Nor is this solely “a man’s work.” “The ten- 


Fine 
Portfolie 


derest tribute to woman I have ever read,”’ said Senator Dolliver when Posted Free. 
he read the manuscript of Joseph Choate’s after-dinner speech — John D. 
“The Pilgrim Mothers.” Morris & Co. 


MODERN ELOQUENCE is sumptuously published in 
10 octavo volumes, but moderately priced. To properly © — Gentiemen: Reterring toyour 
present this electric library, Portfolios comprising Table B. 
of Contents, fine photogravures, chromatic plates, « 
sample pages, and other interesting material have CG” sample pages, photogravures, and chre- 
been prepared. One of these portfolios with _matic plates ; also full particulars regarding 
full particulars regarding bindings, prices, bindings, prices, etc. 
terms, etc., will be mailed on application. 


PHILADELPHIA 


Mail Address.... 


JOHN D. MORRIS @CO., 
Publishers, Philadelphia 
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PRUDENTIAL = 
THE 
STRENGTH OF 


4 
LT, 
Na 


Ng 


Brought Valuable Gifts to Express 
their Devotion. Wise Men of To-day Regard 


LIFE 


THE PRUDENTIAL 


As one of the Most Valuable Gifts 
they can Bestow on their Families. 


THE PRUDENTIAL INSURANCE CO. OF AMERICA - 


Home Office, 
Newark, N. J. 
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THE 
Thinking Man’s 


TONIC 


Preachers, students, bank- 
ers, brokers, literary workers, 
reporters, editorial writers, ac- 
countants, actors and persons 
of intense mental concentra- 


tion, can strengthen their 
whole te pe and greatly in- 
crease their capacity for men- 
tal - physical labor, by the 
use 0 


Horsford’s 
Acid 
Phosphate 


Horsford’s name on every GENUINE package. 


FRAGRANT 


A perfect Dentifrice for the 


Teeth = Mouth 


SOZUDONT LIQUID 25 Cc 
SOZODONT TOOTH POWDER «+ =25c 
Large LIQUID and POWDER + = 75c 


A dentist writes: 


“As an antiseptic and hygienic 
mouthwash, and for the care and pres- 
ervation of the teeth and gums, I cor- 
dially recommend Sozodont. I consider 
it the ideal dentifrice for children’s use.” 


SOZODONT is sold at the stores, or it will be 
sent by mail for the price. Mention this Magazine. 


HALL & RUCKEL, New York, 


Delightful After Bathing 
A Luxury After Shaving 


Beautifies and Preserves the Complexion 
A positive relief for Cha Hands, Chafing, 
and all afflictions of the ma sore, blistered aud 
sweaty feet it has no equal. Removes all odor of perspira- 
tion. Get Mennen’s (the original), a higher in 
price, perhaps, than worthless substitutes, but there a3 @ 
reason for st. Sold everywhere, or mailed for 25c. 
AVOID HARMFUL IMITATIONS. (SAMPLE Face.) 
GERHARD MENNEN CO., Nowark, N. J. 


Your baby plays on the floor, 
where dust and germs abound. 
Before sweeping, sprinkle the 


floor or carpet with properly 
diluted 


Platts Chlorides, 
The Odorless Disinfectant 
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| 


Protects 
Against 
Temperature Changes. 


The Standard Sanitary 
Underwear for Men, Women 
and Children. 


Endorsed by Leading Physicians. 


Also various JAEGER Novelties and 
Specialties. 


Don’t forget that the Best is the Cheap- 
est and that the First Wealth is Health. 


ILLUSTRATED CATALOGUE FREE. 


DR. JAEGER S. W. CO.'S OWN STORES. 


NEW YORK: 16 West 23d St.; 155-157 Broadway. 
BROOKLYN: 504 Fulton Street. 
BOSTON: 230-232 Boylston Street. 
PHILADELPHIA: 1510 Chestnut Street. 

CHICAGO: 82 State Street. 


AGENTS IN ALL PRINCIPAL CITIES. 


RIDE ACOCKHORSE To BanBurY Cross, 
0 SEE A FINE LADY UPON A WHITE HORSE, 
INGS ON HER FINGERS,AND BELLS ON HER TOES, 
SHE SHALL HAVE MUSIC WHEREVER SHE GOES” 


4 


So SINGS THE FOND MOTHER IN NURSERY RHYME 
TOHER GLAD INFANT, THE WHILE KEEPING. TIME; 
AND SO CAN ALL MOTHERS WITH TUNEFUL REFRAIN 
De LIGHT IN THEIR INFANTS,WHOSE HEALTH THEY MAINTAIN, 
THROUGH 


MRS.WINSLOWS SOOTHING SYRUP 
OVER FIFTY YEARS SOLD 


TO MILLIONS OF MOTHERS IN THE NEW WORLD AND OLD} 


The Most Fashionable Perfume 


. You will not find it in every store. 
It is not used by everybody. 
Sold at the best stores only. 
Used by refined people only. 


EAU DE COLOGNE 


obann CMS Farina 


Sternengasse 9-11 in K6ln. 


Queen Alexandra says: 

There is something fascinating about users of O-11 
Cologne. It is certainly the most delicious per- 
fume; it invigorates and refreshes. 

INSIST on 9-11 Cologne and TAKE NO OTHER. 


Import office, 1-3 Ann Street, New York. 


Big Four Route 


FROM 
CHICAGO 
TO 


Indianapolis, Cincinnati, Louisville, 
the 
South and Southeast. 


DIRECT LINE TO 
Asheville, N. C., and Florida. 
THE SCENIC LINE TO 


Virginia Hot Springs and Washington, D.C. 
via the Picturesque 
CHESAPEAKE & OHIO R’Y. 


W. J. LYNCH, GP, &T.A. DEPPE, Ass’t G.P, &T.A 
CINCINNATI, O. 
J. C.TUCKER,G.N.A. 234 Clark St., CHICAGO 
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The Dr. Deimel Underwear has made ‘‘ Linen-Mesh”’ 


Jamous wherever underclothing is worn. 


During every season and in every climate it means 


good health and solid comfort. 


Booklet telling all about it, with samples of the material, free, address 


The Deimel Linen=Mesh Co. 


(Originators of Linen-Mesh) 


Department 0.40, - 491 Broadway, New York 


Or 
SAN FRANCISCO WASHINGTON,D.C. BROOKLYN,N.Y. MONTRBAL, CAN. LONDON,W.C.,ENG. 
111 Montgomery St. 728 15th St.,N.W. 510 Fulton St. 2202 St.CatherineSt. 83 Strand, (HotelCecil) 


HEN THOMAS A. EDISON, Sr., invented 

the phonograph, the whole world applauded 

and wondered. Later, when he produced the 

electric light, the people of alJl the earth gave him 

homage as the worker of marvels. Now, as a 

splendid climax to the work done for humanity, 

Thomas A. Edison, Jr., son of the illustrious wizard, 

gives to the world his Magno-Electric Vitalizer, 

the best and most beneficent of all wonderful 
inventions. 

Again has science labored and brought forth a 
marvel. This time the product is one of electricity 
—the Magno-Electric Vitalizer—and its inventor 
is none other than Thomas A. Edison, Jr., son of 
that great wizard who has given to the world so 
many wonders. 

The Magno-Electric Vitalizer is now being 
offered to the public with absolute assurance that it 
will fill a long-felt want. 

Electricity has transformed the world and why 
shouldn’t it transform the world’s methods of curing 
its sick? This is the reasoning of Thomas A. 
Edison, Jr., in his presentation of the Magno- 
Electric Vitalizer. This invention has already 
commanded the attention of medical men and of 
the laity in all parts of the world. 

It is being placed on the market by Mr. Edison’s 
own company, the Thomas A. Edison Jr. Chemical 
Co., No. 14, Stone St., New York. Upon applica- 
tion, a book containing complete information will 
be sent free to all who may be interested in the cure 
of disease by eleotricity. 

Address correspondence Dept. P. 


COTTA Cults, 


MANY ADVANTAGES. 


Perfect in fit, never ragged or uncomfortable. Very 
convenient, stylish, economical. Made of fine cloth and 
exactly resemble linen goods. Turn down collars are 
reversible and give double service. 


NO LAUNDRY WORK. 


When soiled, discard. Ten collars or five pairs of 
cuffs, 25c. By mail,3o0c. Send 6c. in U.S. stamps for 
sample collar or pair of cuffs, Name size and style. 


REVERSIBLE COLLAR CO., Dept. 12, Boston. 


2 

4 
14 A NEN ARS 
Ay 

BEARS A LABEL WITH THIS TRADE MARK mark 7 

2° PIVERSIBLE 99 

oe 


Copy Your Letter While You Write 


BY USING THE 


CARBON LETTER TAB 


Letter Copying Made Cheaper, Cleaner, and More Convenicnt 


100 Letters and 100 Copies in Each Book. Bound in Board 
Covers with Carbon, Ready for Use 
Letter Size (8%x11), Ruled or Plain’ - - - $0.75 
Note Size (6x94), Ruled or Plain’ - 50 
Sent postpaid on receipt of price 


S.D. CHILDS & CO. 


Manufacturing Stationers 
Send for our Catalogue of Office Supplies 


140-142 MONROE ST., Chicago 


Insert your 


letter— turn 


the crank—and your copy’s made, ys 
No wet cloths to handle—no Pe 
damp blotters to arrange—no 
screwing down letter-press. 

stands always ready. 

ressure of the copy- 

rs is 
same. Never a blurred letter, 
nor an indistinct copy. 

Every copy 
and perfect — 
no faint copies 
to guess at. <4 
Copies made 
on the RAPID 
ROLLER LET- 


Order 


STATIONERY 


: : BY MAIL : : 


Che University of Chicago Press 


has exceptional facilities for filling mail orders 
for the latest styles of ey - other 


An Excellent Line of Whiting’s Standard 
Fine Writing Papers 


in all the latest styles, kept regularly in stock, both in 
boxes and by the quire 


Whiting’s Number One Quality and 
Standard Linen 


are“especially recommended 


TER can be 
filed right with the Monogram Embossed Paper and Pads of 


all Sizes 
Send for Cat. 3303 
Yawman & Erbe Mfg. Co., 


Rochester, N. Y. 
Branches in N. Y., Phila., 
Boston, Chi., San F., and 
seven other cities, 


Orders taken for Fine Engraved 
Calling Cards at Reasonable Prices 


THE UNIVERSITY OF CHICAGO PRESS 
Retail Department CHICAGO, ILLINOIS 


“MODERN”? MIDDLE JOINT FOUNTAIN PENS 


Do not leak at the joint; hold more 
ink than others because they can 
be filled full 


The Largest and Best Gold Pens 
The Highest Class Fountain Pens \ 


All forms of Fountain Pens, at moderate prices, including Automatic Self-Filling and Old Joint 
If no local dealer has a good assortment of ‘“‘MODERN’’ Pens, send direct to the makers, 


A. A. Waterman @ Co, 22 Thames St, New York 
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CARTERS 


SPENCERIAN 
STEEL PENS 


over forty years 


Select a pen for gour writing ¢,o. 
a sample card of special numbers for cor- 
respondence. pens for 10c., postpaid. 


SPENCERIAN PEN CO. 


349 Broadway, NEW YORK CITY An Old Bookkeeper is Discriminating 


tter take his advice and use CARTER’S 
Send for booklet ‘‘Inklings’—Free 
THE CARTER’S INK CO. - BOSTON, MASS. 


Help Yourself 


There isa depth of meaning in these words—Ae/lp yourself. No attain- 
ment worth the having has ever been made without self help. 

All who arein earnest to accomplish a definite purpose within the scope of 
their intelligence can do it, dut they must help themselves, 

If you believe that a strong, sound body and active 
mind are desirable possessions to attain success in life, 
you can secure them by building yourself out of the 
right material— Natural Food. 


BISCUIT 


is Natural Food — food whose each integral part has a counterpart 
in your body and which builds it symmetrically and as a harmon- 
ious whole. The beauty of form and adaptability of this perfect 
food lends it a grace to the eye. It can be prepared in over 250 
different ways. The natural whole wheat flavor of SHREDDED 
WHOLE WHEAT BISCUIT pleases the palate. Wholly 
nourishing, as it does, the whole body, it appeals to Reason. 


Help Yourself 


Sold by all grocers. Send for “The Vital Question” 
(Cook Book, illustrated in colors), FREE. Address 


THE NATURAL FOOD COMPANY, Niagara Falls, N. ¥. 
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OTYLE 


THADE MARK.” 
REGISTERED 


|THE SMITH PREMIER 
TYPEWRITER | 


MAKES LIGHT 
THE WORK 
OF CORRESPONDENCE | | | 


It is the best value type- ee iv 
writer for the Office, x 


| | PAUL WIRT 
FOUNTAIN PEN 


Prize BLOOMSBURG, PA 
Paris 

1900 

| not use a clean Fountain 


Possible. Pen, one that will write and 
write always, without skipping, 
blotting, or scratching? 


The above Fountain Pen is and 
has been sold on its merits all over 
the world for sixteen years, and is 
unconditionally guaranteed. 


New Illustrated Catalogue Free. 
THE SMITH PREMIER TYPEWRITER CoO., 


The Hammond 


THE TYPEWRITER OF THE TWO HEMISPHERES 


The only polyglot using on the same machine, 
one hundred type shuttles, in twenty-six languages, in- 
stantly interchangeable. 


HAMMOND) indestructible machine. wit las: 
: generations and outlive ten type-bar machines. Writes 
oe DOES BETTER WORK |  jike print—prints like writing. 

THAN THE NEWEST ° 
MACHINE oF ANY| The best manifolder. The one machine 


OTH ER MAK E| producing perfect and permanent alignment with uni- 


The Hammond 
Typewriter 
Company 
69th to 7oth Street, East River 
New York, N. Y. 


| | 
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“THE NAME IS EVERYTHING.” 


Esterbrook 


an absolute 


on a pen 
guarantee of j/E 


pen in 
Over 150 
other style 


THE ESTERBROOK STEEL PEN CO. 
|_ Works, Camden, N. J. 26 John Street, N.Y. 


Reming ton 


In Twenty Years 


Remington 
TYPEWRITER 


has saved the world enough 
labor to build an Empire. 


WYCKOFF, SEAMANS & BENEDICT 
(Remington Typewriter Company) 
327 Broadwey New York 


Is our advice to try 
Dixon’s 
American Graphite 


Pencils. 


The satisfaction of using a pen- 
cil that always does what is «x- 
pected of it, sharpens to a fine 
point, and in which the lead 
doesn't break, either in sharp- 
ening or use, is not one of the 
least comforts to a busy person. 


Dixon’s Leads Don’t Break. 


Their grades never vary. 
Pencils for all uses, 


each one bearing our trade- 
mark, the best of its kind. 


Lf not sold bv your dealer, send us 
16c. for samples worth double. 


Joseph Dixon Crucible Co., 
Jersey City, N. J. 


Densmore 
Does More 


About It 


Densmore Typewriter 
Company 


309 Broadway, New York 


the most | ) 4 
Os Pp Oo P ular 
| the world. 
lig ro suit 
every pu \pose. All 
stationers | ave them. 


A Wonderful Material! 


PANTASOTE 


Waterproof—Greaseproof—Stainproof 


Also Germproof and FIREPROOF! Unlike other leather 
substitutes, it contains no cellulose, rubber or other danger 
ous and objectionable sub- 
stances, and is also en- 
tirely odorless. 
Pantasote does not peel 
or crack, is not affected by 
heat, cold or climate. 
Looks like Morocco leath- 
er, wears better and costs 
half. Tested nine years 
with un- 
qualified 
success, 
Madein 
plain leath- 
er or 


signs all 
standard 
colors. 


for 25cents 
in stamps. 


Free sample 


” Awarded GOLD MEDAL at Buffalo. 


CAUTION—There are dangerous and worthless imitations; genu- 
ine has Pantasute stamped on goods. 


PANTASOTE CO., Dept. Z, 11 Broadway, New York 


CROWN 
PIANOS 


Noble in Tone 
Chaste tn Appearance 
Durability Unquestioned 


GEO. P. BENT 


Manufacturer Chicago 


LONG LIVED 
ORGANS 


STYLE 4405. 


ments have extraordinarily long lives, 
They are thoroughly well made and are 


MONON ‘/| MONON 
La Fayette Indianapolis 
W.BadenSpr Dayton 
Fr.Lick Spr. Cincinnati 
Louisville Asheville 
Mammoth Cave Atlanta 
Chattanooga Jacksonville 
New Orleans St.Augustine 
All Southern Tampa 
Cities a 
Havana | 

L 
IN 


are valuable investments. Our instru- 


AND C.H.&D Rwy. 


ine 


LUXURIOUS PARLOR AND DINING 
CARS BY DAY. 

PALACE SLEEPING AND COMPART- 
MENTCARS BY NIGHT. 

6 TRAINS DAILY BETWEEN 
CHICAGO AND ‘THE OHIO RIVER 
W.H.MSDOEL FRANK J.REEDoe: pass.act. CHASH ROCKWELL 
PRES. & CEN. MOR. CHICAGO TRAFF MOR 


absolutely mouse proof. One great 
source of annoyance and expense is thus 
removed. Our latest model, style 4405, 
has just began its career, but has lived 
long enough to earn popularity and 
show that it is like its. fore-runners in 
staying qualities and excellence. 


| Masons Hanlin Co, 


BOSTON. NEW YORK. CHICAGO. 
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COMPANYS 
EXTRACT 


OF BEEF 


LICORICE TABLETS, 
(5 & PACKAGES. ) 
ff _ FOR COUGHS & COLDS. 
MADE.WITH PURE SPANISH LICORICE. 


», GLYCERINE TABLETS, 


( 10¢ POCKET TINS.) 
FOR RELIEF OF 
HOARSENESS & THROAT AFFECTIONS. 


ITALIAN PEPPS, 


( 10¢ ALUMINUM POCKET PACKET. ) 
A HANDY POCKET STAMP BOX WHEN EMPTY. 


GUM IMPERIALS, 


( 10¢ ALUMINUM BOXES. ) 
ASSORTED PURE FLAVORINGS. 


IF NOT SOLD BY YOUR DRUGGIST, 
MAILED FREE UPON RECEIPT OF PRICE. 


863 BROADWAY, N.Y.CITY. 


FOR SALE AT 


THE EXCLUSIVE PEN STORE 
96 STATE STREET, (STEWART BUILDING) CHICAG® 


MABIE, TODD & BARD 


CERTAINTY jor the Cook 
4 
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F 
| 
: 
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Cyko A Night Printing Paper. 
Cyko is the most perfect of all 
Developing Papers, 

Made in a variety of surfaces and speeds 
adapted for all classes of negatives. 
O DARK ROOM REQUIRED. 
One dozen 4x5 Cyko with developer 

20 cents. Send. to 


THE ANTHONY & SCOVILL CO., 


Skin Diseases 


If you suffer from Eczema, 
Salt Rheum, Ringworm, Itch, 
Ivy Poison, Acne, or other 
skin troubles, 


Hydrozone 


will cure you. 


Cures sunburn in 24 hours. In cases 
of Prickly Heat and Hives it will stop 
itching at once, also will relieve mos- 
quito bites. 


Hydrozone is a scientific Germicide, 
Used and endorsed by leading physi- 
cians. It is absolutely harmless, 
yet most powerful healing agent. 

As these diseases are caused by parasites, 


killing them without causing injury to the suf- 
ferer, naturally cures the trouble. 


Sold by leading druggists. 
FREE to any one sending me 10c. to cover actual 
postage, will send a bottle containing suffi- 
cient to prove to your entire satisfaction the claims here 
made. Pamphiet sent free. Address 


Cf, 


59 W. Prince St., New York. 


A Xmas Present 


The numbers Z2-4-§ Cartridge and Plate 


KODAKS 


and the number 3 F, P. K,z are now 
kept in stock fitted with the celebrated 


GOERZ 


Double Anastigmat 


LENSES 


We supply either the Universal Series III. 
Lenses (F 6° also perfect for wide angles 
when used on larger cameras) or the New 
Series 1¢ Lenses, which are 17% faster, 
but cannot be used for wide angle views. 


Full particulars and prices free on application 
to all Kodak dealers. 


ORCHESTRA 


Flutes, Mandolins, Guitars, 
Banjos, &c. Lyon Healy and ‘*Washbi ore in- 
struments are in use everywhere and are sold by 
leading music pee. Ask for ‘‘Dept. G’’ Catalog, 
Illustrated, mailed free. It’s a money-saver. 

LYON & HEALY, - 38 Adams St., Chicago, Ii. 
The World’s Largest Music House. Sells **Everything Known in Musie.”* 


PIAN Do You Want a 


Genuine Bargain 
We have hundreds of Upright Pianos returned from renting 


which must be disposed of at once. These pianos include 
Steinways, Knabes, Fischers, Sterlings and other well known 
makes. Many cannot be distinguished from new, yet all are 


offered at a great 

as low as $100. Also beautiful new be 
rights at $125, $135, $150 and $1 

A magnificent in- plan = 
fully equal to many 

monthly payments accepted. FPreight is only apne wie 
at once for complete list and full particulars. Youcan make a 
great saving by securing your piano from, us. Every piano war- 


ranted as represented. ‘‘A Piano Book,” free. Write today. 


LYON & HEALY 


38 Adams St., CHICAGO. 
World's largest music house; sell “Everything known in Magis” 


Rare Old Violins 


Largest and finest collection on this continent. 
Fine catalogue (free) containing 50 fac-simile 
labels in and Blograp jes of all 
noted makers. List and of So 

instruments from $50 to Menibis 
payments may be arranged. sent on 
seven days examination. Formal Certificate 
of Genuineness with each gg 


LYON & HEALY, * 
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Bausch Lenses and Shutters 


Phe SOLD ROUND THE WORLD 


NOTICE! The amount of this check will be placed at the disposal of ¥. gy rd Gi 
competent judges to be awarded for the bess ghovagraghe made with 
Bausch & Lomb Lenses and Sh d for jud on or 
before January 1, 1903. Classes for all kinds of work and for Kodak, ROCHESTER, 


Premo, Poco and other hand cameras with B. & L. Lenses being provided. ‘who will send full information on request. 


WABASH 
New Short Line 


CHICAGO--TOLEDO 


THROUGH PULLMAN SERVICE 


ART CALENDAR 


Four graceful poses from life; ores ten inches 
high, reproduced in colors, 


of lithographic art. ae ALL WABASH TRAINS 
“THE ONLY WAY” 


to own one of these beautitul calendars is 
to send twenty-five cents, with name of publi- 


FREE RECLINING CHAIR CARS 


cation in which you read this Savereeanst, 

to Gro. J. CHARLTON,General Passe nger Agent, Cc. S. CRANE F. A. PALMER 
Chicago & Alton Railway, 328 onadnock G, P. & T. AGentr A, G. P, AGENT 
Building, Cu1caco, ILv. Sr. Louis CHICAGO 


The t railway line between CHIcAGo, 
St. Louis, KAnsAs City and 
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To those who have to provide for the needs of a con- 
siderable number of persons Ivory Soap at once commends 
itself. It is so pure that it will meet the demands of the 
critical and yet so cheap that it will come within the means 
at command. The chances are, too, that the Ivory is the 
soap to which the majority are accustomed. It will seem 
like a touch of home. 

IT FLOATS. 


COPYRIGHT 1800 BY THE PROCTER & GAWRLE CO. CINCINNAT! 
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In All F 
BUFFALO LITHIA Forms 
Disease, Albuminuria of Pregnancy, Uric Acid 


Diathesis, Gout, Rheumatism, Lithzemia, Renal 
Calculi, and Stone of the Bladder, Etc., Etc. 


Dr. Ceorge Ben Johnston, Richmond, Va., ex-President Medical Society of Vir- 
ginia and Professor of Gynecologg and Abdominal Surgery, Medical College of Virginia: 
“IF | WERE ASKED WHAT MINERAL WATER HAS THE WIDEST RANGE OF 
USEFULNESS, | WOULD UNHESITATINGLY ANSWER BUFFALO LITHIA, It is a most 
valuable remedy In manv obscure and stubborn conditions which, at best, yield slowly, if at all, to 
drugs. In URIC ACID DIATHESIS, GOUT, RHEUMATISM, LITH/EMIA, and the like, its 
beneficial effects are prompt and lasting. 

“Almost any case of Pyelitis and Cystitis will be alleviated by it ani many cured. 

“1! have had evidence of the undoubted DISINTEGRATING, SOLVENT, and ELIMINATING 
POWERS of this wate: IN RENAL CALCULUS, and have known its long continued use to per- 
manently break up the gravel-forming habit. 

“It is an agent of great value in the treatment of the Albuminurie of Pregnancy, and is an 
excellent diuretic in Scarlatina and Typhoid Fever. In al) forms of BRIGHT’S DISEASE, 
except those hopelessly advanced, its good effects are pronounced. 1! believe it has been 
the means ot prolonging many lives in this trouble.”’ 


John V. Shoemaker, M.D., LL. D., Professor of Materia Medica and Therapeu- 
tics in the Medico-Chirurgical College of Philadelphia, etc., in the New York Medical Journal, 
June 22, 1899: “The BUFFALO LITHIA WATER |s DOUBLY EFFICIENT in Rheu- 
matism and Gout. it dissolves Uric Acid and Phosphatic sediments, as well as other products 
diftx ult ot elamination. while at the same time it exerts a moderately stimulant effect upon the renal 
cells, and thereby facilitates the swift removal of insoluble materials from the body. Without such 
action insoluble substances will precipitate in the Kidneys and Bladder. The intense suffering pro- 
duced by Stone, together with consecutive pyelitis and cystitis, are avoided by prompt elimination. 
Unquestionably, although the speedy removal ot Uric Acid and other products of faulty tissue 
change is of conspicuous benefit. yet to PREVENT their formation is a service still more important. 


This service is performed by the BUFFALO LITHIA WATER when it corrects 


those digestive failures wtych are responsible for the production of deleterious materials.’’ 


James L. Cabell, M. D.. A. M., LL.D., Formerly Professor of Physiology and 
Surgery in the Medwcal Department of the University of Virginia and President of the Nation- 
al Board of Health, says: ‘BUFFALO LITHIA WATER i> Uric Acid Diathesis is a 
well-known therapeutic resource. {1 should be recognized by the profession as an 
article of Materia Medica.”’ 


Dr. J. yg manat,! shake of Chemistry, University of Virginia. (Extract from report 

al ot Caiculi dischar 
by ‘patients ‘under the action ot BUFFALO LITHIA WATER ‘Spring No. 2): 

**It seems on the whole probable that the action of the water is PRIMARILY and MAINLY 
upon URIC ACID and the URATES, but when these constituents occur along with and as 
cementing matter to Phosphatic or Oxalic Caiculus materials, the latter may be so detached and 
broken down as to disintegrate the Calculus as a whole in these cases, also thus admitting of 
Urethra! discharge.” 


Spring No. 1! is both a NERVE and e BLOOD TONIC, and in PALE, PEEBLE, and 
ANAEMIC SUBJECTS ts to be creferred. in the absence of these symptons No. 2 is to be preferred. 


BUFFALO LITHIA WATER is for saie by Grocers and Druggists generally. 
testimonials which defy af! imputation of questions sent to any address. 


PROPRIETOR - BUFFALO LITHIA SPRINGS - VIRGINI 
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Finest in the World 


BAKER’S 


CHOICE RECIPES, 80 PAGES, SENT FREE 


WALTER BAKER & CO. Ltd. 


178. DORCHESTER, MASS. 


WEBER 
PIANOS 


Piano building as a fine art has 
never been more highly exem- 
plified than by our recent pro- 
ductions. Send for description 
of our new style A Grand, the 
most remarkable Small Grand 
in volume and quality of tone 
ever produced by any maker. 
Its length is but 5 feet 4 inches. 


40 Highest Awards in Europe and America 


THE WEBER PIANO COMPANY 


108 FIFTH AVE., NEW YORK 
266 WABASH AVE., CHICAGO 


HAND SAPOLIO 


Does what soap cannot do, by a method of its 
own. Jf you want a velvet skin, don’t PUT ON 
preparations, but TAKE OFF the dead skin, and 
let the new, perfect cuticle furnish its own beauty. 
An exemplification of the luxury of cleanliness, 
Imparts vigor and life sensation. Energizes the 
whole body, bringing a glow and exhilaration 


A PURE ARTICLE 


Free From Animal Fats 


have been established over YEARS. By our system 


P| A N ee, every family in moderate circumstances can ows 
a YOSE piano, We take old instruments in exchange soggy 
deli ; i home free q 


of expense. 


iver the new piano in your 


Write for Catalogue D and explanations. 
VOSE & SONS PIANU CO., 160 Boviston St., Boston, Mass. 
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